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Abstract

:

One of the main challenges encountered in the Laser-based Powder Bed Fusion (L-PBF) Additive Manufacturing (AM) process is the fabrication of defect-free parts. The presence of defects severely degrades the mechanical performance of AM parts and especially their fatigue strength. The most popular and reliable method to assess the ability of the employed process parameters for the fabrication of full-density parts is the process windows map, also known as printability map. However, the experimental procedure for the design of the printability maps and the identification of the optimum-density process parameters is usually time-consuming and expensive. In the present work, a modelling framework is presented for the determination of a printability map and the optimization of the L-PBF process based on the prediction and characterization of melt-pool geometric features and the prediction of porosity of small samples of 316L SS and Ti-6Al-4V metal alloys. The results are compared with available experimental data and present a good correlation, verifying the modelling methodology. The suitability of the employed defect criteria for each material and the effect of the hatch-spacing process parameter on the optimum-density parameters are also presented.
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1. Introduction


Additive Manufacturing (AM) methods are getting more and more integrated into industrial processes [1,2]. Expect for the fabrication of structural parts, AM methods are utilized in a wide variety of activities, such as the repair of damaged elements or the replacement of fractured high-value components [3,4]. The advantages of AM processes result from the layer-by-layer fabrication guided by the input digital model of the part. Among the AM processes, the Laser-based Powder Bed Fusion (L-PBF) process has been widely adopted in the aerospace, automotive, medical and other industrial sectors [5] due to its abilities to use a wide variety of popular metal alloys and to produce very intricate structures that combine high strength with low weight.



Despite their ongoing integration in the industry, metal AM technologies have still many challenges to tackle in order to take advantage of their full potential. In the case of L-PBF, one challenge is the minimization of the presence of defects which mostly are formed in three specific ways: transfer from the feedstock powder, the laser–powder–metal interaction during melting and post-processing treatments [6,7,8,9]. Defects have been recognized as one the main contributors to the variability in the mechanical properties of metal AM materials and affect detrimentally the fatigue and fracture behavior of AM materials, as they act as stress concentrators [10,11,12,13,14,15,16,17]. The main categories of internal defects found in L-PBF process are gas porosity, lack-of-fusion, keyhole porosity and balling [17,18,19]. The formation mechanism of these defects can be either systematic or stochastic [20]. Systematic defects are a consequence of the L-PBF process build plan; the geometrical features of the built part, the selection of process parameters combination and the scanning pattern. In contrast, the likelihood of formation of stochastic defects is not governed by conditions that can be systematically controlled. The formation mechanism of the mentioned internal defects can be either systematic or stochastic, except for the gas porosity defects, which are purely stochastic [20].



Gas pores are usually spherical and considered to originate either from the release of gas trapped in the powder during the gas atomization process or from gas bubble nucleation in the melt pool due to the high solubility of interstitial elements in the liquid phase coupled with rapid solidification [21,22,23,24]. Lack-of-fusion (LOF) porosity happens at the conduction mode, and it can be characterized as the insufficient penetration of the melt pool tracks into the previous layer due to inadequate energy input level or insufficient overlapping between melt tracks of the same layer [6,18]. Keyhole porosity can be attributed to instabilities due to high heat energy inputs that cause vaporization and the formation of deep V-shaped melt pools [22,25]. Balling is formed by the capillary instabilities of the melt pool and can be described as a periodic change in the size and shape of solidified track, known also as “beading-up” [26]. Regarding their morphology, LOF defects are usually characterized by irregular shapes with pronounced sharpness, while keyhole pores usually have a spherical shape with a larger size [27].



LOF, keyhole and balling defects are closely correlated to the molten pool behavior and characteristics. In particular, melt pool width, depth and length are the geometrical characteristics that are examined to assess the potential of porosity formation as a function of certain process parameter combinations and consequently the design of L-PBF printability maps [28]. Printability maps—known also as “process window maps” or “process maps” [29,30]—are diagrams of processing parameters that are used to identify the combinations of parameters that result in certain features of interest [31,32], on most occasions in the fabrication of full-density parts. For density-purposed printability maps, laser power (P), scan velocity(v), layer thickness (t) and hatch spacing (h) are the process parameters of interest of many studies and of the present work.



Since the L-PBF process has its origins in high-energy beam welding processes, the most common practice to determine a printability map for an AM metal material alloy is to make single laser scan experiments to determine the effect of process parameters on the morphology of scan tracks [32,33,34,35]. Then, the characterized set of process parameters is used for the fabrication of small samples to determine the amount and the type of resulting porosity [32,33]. These approaches are well-studied in literature and usually give a satisfactory characterization. However, they require sufficiently large numbers of experiments usually based on a statistical design and they are dependent of the properties of raw material feedstock. Furthermore, it is an expensive approach, as with a change of one factor, a new set of experiments must be conducted.



Modelling methods for the design of printability maps utilize both analytical and numerical approaches. Analytical modelling approaches include Rosenthal’s solution [36,37], the Eager–Tsai model [18,38] and the Carslaw and Jaeger moving-heat model [39,40,41]. These methods determine the melt pool characteristics from the estimation of temperature fields and based on the melt pool criteria they characterize the process parameter combinations. Recently, these methods have been utilized to predict the LOF and keyhole defects and to determine their thresholds, with promising results [39,40,41]. However, the accuracy of thermal solutions is limited, as they are based on assumptions that neglect the dimensions, the layer deposition and the thermal transfer phenomena that occur during the process. On the other hand, numerical modelling methods such computational fluid dynamics (CFD) and finite element methods are more accurate but less cost-efficient. CFD numerical schemes can be used to describe the melt pool and porosity formation [42] at the microlevel, based on the laser processing parameters, but their computational cost is huge [43,44]. Finite element-based models can be used for the prediction of melt pool dimensions in both single-scan tracks and small samples, providing useful insights into the driving mechanisms of porosity formation [45,46]. These models have been successfully implemented in the prediction of LOF defects and can provide directions for process optimization [47]. Nevertheless, their computational cost, considering the simulation of multiple sets, is also high. Moreover, all the aforementioned modelling approaches need experimental test campaigns to provide data in order to ensure their accuracy or to calibrate them.



The current work presents a modelling framework for the design of printability maps and the density-based optimization of the L-PBF process. The finite element-based modelling framework consists of two parts: a single laser scan and small-samples modelling. In the first part, the thermal modelling and simulation of a single laser scan is performed, and the melt pool dimensions are predicted as a function of the main L-PBF process parameters. Melt pools are characterized based on literature geometric criteria for LOF, keyhole and balling porosity formation. Then, the process map is designed and the full-density optimum region is determined. The set of process parameters in the optimum region is used for the thermal modelling of the fabrication of small samples. The resulting porosity is predicted and the boundaries between the optimum region and the LOF region in the process map are meticulously determined. The results of the modelling framework are compared with the available literature data for 316L SS and Ti-6Al-4V metal material alloys for validation purposes. Furthermore, for each material, the criteria of melt pool characterization and the variation of the optimum process parameters region with the hatch spacing are evaluated.




2. Materials and Methods


2.1. Modelling Framework


2.1.1. Framework Outline


The flowchart of the proposed framework for the design of the printability map and optimization of the L-PBF process is presented in Figure 1. The optimization of the L-PBF process based on the presented modelling procedure aims at the determination of the main process parameters that lead to the formation of full-density materials and parts. The predicted melt pool characteristics as a function of process parameters are used as an index for defect formation, and the identified optimum process parameters are subsequently assessed via a detailed simulation of the L-PBF process for porosity formation in small samples. At the first step of analysis, the layer thickness and the material properties of the AM metal alloy of interest are used as inputs for the subsequent modelling procedures. The layer thickness is selected, based first on the required precision/performance relationship of the build part [48]. Nevertheless, according to the investigation of Gong et al. [9], the powder layer has little impact on the molten pool size and shape, which are the focus of interest in the present analysis. At the second step of analysis, single-bead parametric simulations are performed for various combinations of laser power-scanning speed parameters. The main outputs of these simulations are the melt pool dimensions (melt pool length, width and depth). Then, these characteristics are assessed by criteria found in the literature. Based on the melt pool size, these criteria can characterize the proneness of the utilized process parameters on the formation of various types of porosity or their ability to fabricate full-density parts. Then, the initial printability map of the metal alloy is designed. The optimum-density parameters are identified, as well as the regions of LOF, keyhole and balling porosity. At the next step of analysis, the optimum-density parameters are used as an input to the thermal simulation of the L-PBF process for the fabrication of small samples. This parametric simulation is aimed at the prediction of the percentage of LOF porosity in small samples. In this fashion, the optimum-density parameters are further evaluated in the production of full-density small samples and the printability map of the metal alloy is updated. Finally, a group of porosity simulations is performed with hatch spacing as a parametric variable. The effect of hatch spacing on the span of the region of optimum-density parameters is evaluated. More details for each analysis step are provided in the next sections. It should be mentioned that the proposed methodology for optimization focuses mainly on the process parameters which are related to the scan strategy of the L-PBF process, as these parameters have been highlighted as the most important for the formation of typical defects [6,8,9]. To include the effect of the rest of the process parameters would result to an unnecessary enormous increase of complexity and computational cost.



In the present work, the modelling and simulation of both single-bead and sample porosity are performed in ANSYS 2020R2 Additive Science Suite [49]. ANSYS Additive Science is a finite element-based software that can be used to perform thermal simulations that predict melt pool characteristics and porosity in AM metal materials. The software is used to predict only the LOF porosity in small samples, as the modelling of the keyhole and balling phenomena would need to model the flow in the melt pool region, a task that cannot be employed in an efficient modelling approach [43]. Ti-6Al-4V and 316L SS AM metal alloys have been studied in the present work. Ti-6Al-4V has been widely studied in AM and applied in many industrial sectors due to its high strength, low density, and corrosion-resistance biocompatibility [6,9,30,32,50]. Additive-manufactured Ti-6Al-4V alloy has been characterized by α-lath size, prior-β grain size/morphology microstructural features and irregular-shaped defects [30], while additive-manufactured 316L SS is an austenitic stainless steel with occasionally a small fraction of δ-ferrite due to Mo and Cr segregation at grain boundaries when relatively lower cooling rates are involved [51].




2.1.2. Single Laser Scan Modelling and Simulation


Experimental and numerical literature works have shown that the melt pool characteristics of a single track can be correlated with the formed porosity in bulk samples [32,33].



Despite the considerable differences of the process conditions between the single laser scanning and the multi-layered part fabrication, the melt tracks in the single laser scans can provide an insight into the melt pool behavior and its size as a function of the utilized process parameters. This is very helpful in the selection of the initial combination of process parameters, especially in the early stages of the scan strategy design. For this reason, the melt pool characteristics of a single laser scan have been considered as indicators for the determination of the regions of laser power-scanning speed printability maps [29,30,52,53]. In particular, melt pool width (W), depth (D), and length (L) of a single laser track can be utilized to identify the potential for the formation of defects in L-PBF parts. To predict these melt pool characteristics, single laser track modelling and simulation must be performed over a wide range of process parameters combination. For every process parameter combination, the resulting melt pool geometry is assessed by literature criteria and the regions in the process map are initially determined.



The main inputs of the finite element model of single bead simulation are the baseplate temperature, laser beam diameter, layer thickness as the constant values and the laser power and scanning speed as the parametric variables. Temperature-dependent thermal material properties of the software database are utilized for the simulation. The main outputs of the simulation are the melt pool dimensions: length, width and depth. The schematic description between the melt pool dimensions and the input laser parameters is presented in the Figure 2.



Compared with other literature modelling approaches of a single laser track, finite element modelling considers most of the process parameters and temperature-dependent material properties of metal alloys contrary to simplified thermal analytical models. Analytical models are usually utilized for a fast prediction based on assumptions that simplify the calculation of the thermal fields but may lead to melt pool prediction inaccuracies [18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. On the other hand, high-resolution models, such as CFD models, could be used to capture the formation mechanism of defects, but they are computationally expensive. Both of these approaches are not suitable for implementation in an efficient framework for the design of printability maps [52].



To begin with this step, the space of process parameters must be reduced from an infinite to a finite space by establishing the upper and lower bounds of scan velocity and laser power. The boundaries have been selected based on the examined process parameters space found in literature, which is based on the AM machine system capabilities. The upper and lower bounds of scan speed are 350 mm/s and 2000 mm/s, respectively, and the upper and lower bounds of laser power are 50 W and 700 W, respectively. To make the analysis as efficient as possible, the examined process parameter combinations are performed at the step 50 mm/s and 50 W for scanning speed and laser power, respectively. The resulting space of examined process parameters resembles a grid of laser power-scanning speed combinations which could be characterized as optimum-density, LOF, keyhole or balling-susceptible.




2.1.3. Criteria for Melt Pool Geometry Characterization


The predicted melt pool dimensions for every single bead simulation are assessed by criteria found in the literature, which describe the tendency to the formation of LOF, keyhole and balling porosity. The corresponding combination of laser power and scan velocity is then characterized depending on the result of the examined criteria. Most of the presented criteria are semi-empirical based on experimental observations and simple physical principles and they describe the thresholds of the melt pool dimensions beyond which the molten pool is susceptible to defect formation.



LOF porosity, also known as lack of penetration, results from incomplete fusion and is generally recognized as the outcome of inadequate penetration of energy in laser material processing, as presented in Figure 3. As a result, the melt pool depth is smaller than the powder layer thickness. Therefore, the criteria use melt pool depth and layer thickness as inputs. The proposed LOF criteria in the literature are D/t < 1 [28], D/t < 1.1 [52] and D/t < 1.5 [18]. These criteria describe the formation mechanism of LOF defects, denoting that when these equations are fulfilled the LOF defect is about to be formed.



Keyhole porosity, which is also known from laser welding, results from the high intensity laser power that melts the powder layer material and the subsequent rapid reach of vaporization temperature that generates a vapor flux on the vapor/liquid interface. The resulting recoil pressure, along with the large temperature gradient between the vapor zone and liquid zone, creates vortex flows inside the melt pool. Vortex flows around the vapor cavity opening close off this region, trapping vapor bubbles inside. The resulting porosity has the shape of a keyhole, hence the name of this kind of porosity. The formation mechanism of keyhole porosity is presented in Figure 4. The keyhole is associated with keyhole molten mode, which is characterized by large molten pool depth and high ratio of depth-to-width [53]. The proposed keyhole criteria are W ≤ 1.2 D [28], W ≤ 1.5 D [29] and W ≤ 2 D [6,8,18]. These criteria describe the formation mechanism of keyhole defects, denoting that when these equations are fulfilled the keyhole defect is about to be formed.



Balling occurs at high laser power and high scanning speed combinations, where melted liquids take the cohesive powder particles, turn them to spherical shapes and eject them from the surface of the processed layer, as presented in Figure 5. This phenomenon in commonly ascribed to the surface tension and liquid instabilities—also known as Marangoni convection and Plateau-Rayleigh capillary instabilities, respectively—of a steep melt pool shape because of quickly heated powder from the high-power energy input [19,53]. The proposed balling criterion is L/W < 2.3 [18,29]. This criterion ascribes as balling-susceptible the melt pools whose length is very long and therefore easier to be discontinued. It describes the balling defect prevention and refers to the threshold for the occurrence of balling behavior. If this equation is not satisfied, balling defects will be formed.



The summary of the criteria for each type of porosity is presented in Table 1. The capability of the presented criteria to determine the printability maps depends on each metal alloy and they are usually calibrated after the experimental measurements [29]. For this reason, different thresholds are utilized to assess their suitability for the printability map of each metal alloy and finally to choose the best-fitted criterion. The metal alloys examined in the literature with these criteria are also referred to in Table 1.




2.1.4. Porosity Simulation


After the design of the initial printability map, where the regions of the optimum process parameters and the process parameters that lead to the formation of LOF, keyhole and balling are indicated, parametric porosity simulations are performed. In porosity simulation, the L-PBF process for the fabrication of small samples is modelled and simulated. The main goal in porosity simulation is to estimate the total amount of LOF porosity in small samples fabricated with the process parameters that would be used in the fabrication of realistic components based on the preliminary deductions of the initial map. This is a detailed multi-layered analysis with multiple laser scan passes on each layer that considers the following process parameters of the L-PBF process: layer thickness, laser power, scan speed, hatch spacing and scan pattern. Here, except for the laser power and scanning velocity, hatch spacing and scan patterns can be also considered as parametric variables to assess their effect on the resulting porosity. Figure 6 schematically depicts the porosity simulation, its main inputs and outputs.



As this is an expensive computational analysis, the range of process parameters to be tested must be well chosen. For this reason, only the process parameters of the optimum-density and the LOF regions of the initial printability map are assessed. Specifically, this step can define with accuracy the boundaries between these regions of the printability map, as the analysis is capable only of the prediction and estimation of LOF porosity. Nevertheless, the boundary region between LOF and optimum parameters is the most desirable regarding the productivity of the L-PBF process because the maximum scanning speed for a specific laser power can be achieved minimizing at the same time the possibility of defect formation. Moreover, LOF pores are the most detrimental defects for the fatigue behavior of the L-PBF fabricated parts. Therefore, their elimination by the selection of well-defined optimum process parameters is of great importance, as the systematic causes of their formation can be prevented.



By the end of this step, the printability map is updated with the exact boundary between the optimum-density and the LOF region and finalized for the certain values of layer thickness, hatch spacing and the specific scan pattern.




2.1.5. Effect of Hatch Spacing on Porosity


Finally, the effect of hatch spacing on porosity can be also assessed with the present framework. In single laser tracks, hatch spacing is not included; thus, the initial map does not contain any information about its effect on the porosity. In samples porosity, hatch spacing is considered as constant without examining its influence on the process regions. However, its influence on the quality of the fabricated parts has been considered to be very significant. Hatch spacing, also known as scan spacing, is the distance between the center lines of two neighboring laser passes [54,55], as presented in Figure 6. Hatch spacing determines the overlap between two adjacent laser tracks; thus, it must be sufficient to avoid the formation of LOF pores on the plane of the processed layer. In addition, the hatch spacing size has a direct influence on the re-melting area of adjacent tracks, which in turn affects the LOF formation between the layers and also affects the resulting microstructure [56]. However, if hatch spacing size is very small, many laser scans will be performed in every layer of the part, leading to excessive production time and energy costs. Therefore, it is desirable to determine the maximum hatch spacing of the region of optimum process parameters [29]. The values of hatch spacing examined in the present analysis are 80, 100, 120 and 140 μm. These values lie within with the range proposed by Letenneur et al. [48] to achieve full-density parts.





2.2. Experimental Data


In order to validate the results of current analyses of the proposed framework, the characterization results are compared with the experimental results of the work of Liu et al. [50]. In their work, Liu et al. conducted three types of experiments (singe-track scanning, multi-track scanning and the fabrication of small samples) on Ti-6Al-4V and 316L SS materials. They used an EOS 290 system with a Yb-fiber laser with maximum laser power at 400 W and a laser spot size of 100 μm. Fourteen combinations of laser power and scanning speeds were used in the three sets of experiments to investigate the melt pool dimension and their relationship with the resulting porosity under varying process parameters. The layer thickness and the hatch spacing values were kept at 30 μm and 80 μm, respectively. For all the experiments the baseplate was heated to 100 °C. Laser scan followed a 0°- orientation with 90°-rotation on each layer scan pattern.



After their fabrication, the build samples were post-processed to facilitate the experimental observation. Cube samples were sectioned along the building direction and examined with an optical microscope to identify defects. It was found that LOF defects had an irregular shape and were placed at the boundaries of melt pools, while keyhole defects had a spherical shape and were placed near the depth of the melt pool. Near-dense parts were characterized as the parts with no visible pores and with relative density greater than 99.95%.





3. Results and Discussion


In this section, the predicted printability maps for both 316L SS and Ti-6Al-4V and the comparison with experimental results of the work Liu et al. [50] are presented. The comparison is performed in both the two steps of the analysis framework: the single laser scan and the sample porosity. The first step aims to assess the capability of a single laser scan and its relative criteria for the L-PBF process characterization, and the second step aims to investigate the ability of sample porosity simulation to improve the initial prediction of the optimum-density region and its LOF boundary. Furthermore, the effect of hatch spacing on the size of the optimum-density region is presented.



3.1. Single Laser Scan-based Printability Map


The prediction of melt pool characteristics of the 316L SS and Ti-6Al-4V metal alloys for the process parameters tested in the experimental procedure of Liu et al. [50] are presented in Table 2 and Table 3, respectively. These process parameters were used for validation purposes in the present work.



The predicted L-PBF process maps of the 316L SS and the Ti-6Al-4V metal alloys are presented in Figure 7 and Figure 8, respectively. The process maps have been designed according to the most conservative criteria for LOF (D ≤ 1.5⋅t) and keyhole (W ≤ 2·D) porosity. The variation of their boundaries according to the literature criteria of Table 1 are depicted by dotted lines indicating the potential change of the respective regions. As expected, the application of less conservative criteria for LOF and keyhole porosity would have as a result the increase of the optimum-density region. Experimentally characterized process parameters are also shown in Figure 7 and Figure 8 to illustrate clearly their position in the maps. Table 4 presents the one-to-one comparison of the experimental characterization of the process parameters with their respective predictive characterization.



For both materials the experimental characterization of the process parameters falls into the respective regions of the predicted printability maps for the majority of examined cases. In the printability map of the 316L SS (Figure 7), all the LOF experimentally characterized process parameters combinations are placed within the predicted LOF region. The predicted region of optimum-density combinations may be limited, as only one of the respective experimental characterizations is placed within the region. The employment of fewer conservative criteria would have as a result the inclusion of the set of 100 W-500 mm/s into the optimum region, while the set of 200 W-1000 mm/s would have been placed at the LOF-optimum boundary for the least conservative criterion. The biggest divergence is observed for the experimentally characterized keyhole process parameters which are placed in the optimum-density region. However, the formation of a keyhole defect for this process parameters combination (200 W-500 mm/s) may be stochastic because the presented experimental results of the work of Liu et al. [50] show only one pore with keyhole characteristics (regular spherical shape, placed in the depth of a steep melt pool) in the cube sample fabricated with the mentioned process parameters. It is not mentioned if any other keyhole defects are dispersed in the sample.



In the case of the Ti-6Al-4V process map (Figure 8), the experimental characterization agrees with the predicted characterizations except in the cases of the 200 W-2000 mm/s and 370 W-2000 mm/s combinations. The predicted melt pool depth for the combination of 200 W-2000 mm/s is 0.014 mm, or almost the half of the layer thickness; thus, in the LOF region far from the optimum region. However, in the experimental fabrication of small samples with this combination, the effect of the developed temperature fields during the process may have as a result the formation of a melt pool of a larger size, leading to an optimum-density part. The predicted melt pool for the combination of 370 W-2000 mm/s is very long, and the criterion of balling prevention is not satisfied; thus, this combination is characterized as balling-susceptible. However, since the balling phenomenon results from instabilities that occur during the process, the presented criterion might be very conservative, resulting in an over-prediction of the total balling region. Regarding the experimentally characterized LOF and keyhole combinations, all match with the respective predicted regions.



Another important feature of the presented diagrams is that the suitability of the LOF literature criteria for each type of defect depends on the examined material. The predicted LOF region for the 316L SS correlates better for the least conservative LOF criterion (D ≤ t), which agrees for NiNb5 studied in literature. The result presents a small divergence with the threshold presented in the work of Mukherjee et al. [52] (D ≤ 1.1·t) regarding the 316L SS alloy. The predicted Ti-6Al-4V correlates better for the most conservative one (D ≤ 1.5⋅t), a result that is suited to the findings of work of Mukherjee et al. [52] about the same alloy. On the other side, the most conservative keyhole criterion (W ≤ 2·D) seems to estimate better the keyhole region compared to the other ones, which agrees with previous studies about Ti-6Al-4V and 316L SS, while for NiNb5 the most suitable is W ≤ 1.5·D. However, the data of the work of Liu et al. [50] do not support the proper experimental characterization of the keyhole porosity threshold of 316L SS, and the observation regarding the keyhole threshold relies mainly on the data of Ti-6Al-4V. Furthermore, the current sets of experimentally examined process parameters do not result in any balling defects; thus, this predicted region cannot be verified in the present work. The balling occurs in the region of high laser power and scanning speeds; this region is avoided by default, both in practice and in research. Nevertheless, in the case of Ti-6Al-4V, it seems that there is an overprediction of the balling area; however, the lack of experimental data cannot confirm this observation. As the focus is placed on the prediction of LOF, keyhole and a nearly full-density region, in the present study the balling region has been designed to indicate the boundary of stable melt pool behavior. From this point, melt pool behavior may present instabilities that cannot be modelled with the current modelling procedures, which indicates the limits of this approach.




3.2. Sample Porosity Prediction—Updated Printability Map


Figure 7 and Figure 8 presented the process maps for 316L SS and Ti-6Al-4V metal alloys, respectively, based on the results of the single laser scan analysis, which concerned the prediction of melt pool dimensions and the characterization of the melt pool according to geometry-based criteria. In this section, Figure 9 and Figure 10 present the process maps of 316L SS and Ti-6Al-4V metal alloys, updated with the results of the second step of the modelling methodology. In the second step of analysis, the optimum and the LOF process parameters defined at the first step of analysis are utilized for the L-PBF simulation of small samples to predict the percentage of LOF porosity. The results of the second step aim to assess the initial optimum and LOF parameters for the fabrication of defect-free multilayer parts built with all the scan strategy process parameters (laser power, scanning speed, layer thickness, hatch spacing, scan pattern). In Figure 9 and Figure 10, the boundary between the optimum-density and LOF region based on the initial single laser scan and the sample porosity analysis are also shown. In both printability maps of the metal alloys, the optimum-density region is extended to the side of the LOF region. Several of the combinations that were LOF-susceptible according to the single laser scan analyses have not presented any percentage of porosity in the analysis of the sample part. This trend may be attributed either to the residual heat from the processing of multiple layers and the resulting thermal fields or to the multiple laser scan passes in every layer that may lead to sufficient overlapping that close the potential pores.



Table 5 presents the updated one-to-one comparison of the experimental characterization of the process parameters with their respective predictive characterization. The extent of the updated optimum-density region has a result the inclusion of all the experimentally characterized optimum-density combinations without covering the experimentally characterized LOF or keyhole points. This denotes the importance of porosity simulations in the design of printability maps, as it could provide an insight into the tendency of process parameter combinations in the formation of full-density parts, providing a broader range of process parameters to be employed.




3.3. The Effect of Hatch Spacing Variation on the Process Map


The variation of the optimum-density region of 316L SS and Ti-6Al-4V metal alloy process map for different values of hatch spacing process parameters is presented in Figure 11 and Figure 12, respectively. As expected, as the hatch spacing increases, the area of optimum-density region decreases. The most important characteristic in both diagrams are the boundaries between the optimum-density and LOF region for every hatch spacing value. These boundaries can provide the needful information for both design and manufacturing procedures to take advantage of the optimum-density combination of the L-PBF process parameters for certain values of hatch spacing. The selection of this combination can increase the productivity rate of the fabrication of a part, minimizing the overall porosity. However, more experimental data are needed to support this analysis to be more reliable.





4. Conclusions


In the current work, a modelling methodology for the design of L-PBF printability maps of metal alloys is proposed and examined. The finite element modelling methodology of the L-PBF process consists of two parts: single laser scan analysis and porosity analysis of small samples. In the single laser scan analysis, the characterization of the predicted melt pool according to geometry-based criteria for various combinations of process parameters is performed. Available literature criteria for LOF, keyhole and balling porosity are employed and assessed. The results of characterization are used for the design of an initial printability map of the examined metal alloys, where the optimum-density region and LOF, keyhole and balling regions are depicted. The initial optimization of the L-PBF parts is conducted. In the porosity analysis of small samples, the initial predicted optimum-density parameters are used for the simulation of the L-PBF fabrication of small samples to predict their overall porosity. This step aims to investigate the ability of optimum-density and LOF parameters to build parts with minimum porosity. The results are used to update the initial process maps and to design new boundaries. This methodology aims to reduce the experimental tests needed for the design of printability maps, providing an accurate prediction of the parameters that have as a result the formation of the L-PBF defects and near-full density parts. In addition, it may be also used to correlate the process parameters with the resulting microstructure and the mechanical properties of the examined metal materials. Thus, the variability between of the mechanical properties of AM metal parts may be reduced, providing a more consistent relationship between process parameters, material microstructure and mechanical properties [17,57].



The modelling methodology has been validated based on available experimental data from the literature for the 316L SS and Ti-6Al-4V AM metal alloys [50]. In general, the correlation between the predicted and the experimental characterization has been very satisfactory, verifying the presented methodology. The main conclusions can be summed up as follows:




	
The suitability of LOF criteria depends on the examined material. In the case of 316L SS, the least conservative criterion describes the region better, while in the case of Ti-6Al-4V the most conservative criterion can estimate the LOF region better.



	
The most conservative keyhole criterion seems to present better correlation with experimental characterization for Ti-6Al-4V. The experimental data of 316L SS are not adequate to characterize the threshold of keyhole formation. Future experimental work or correlation with the remaining literature experimental cases should be performed to identify the keyhole threshold in more detail and to support the modelling results.



	
The optimum-density region of the process map based on single scan analysis seems to be restricted especially from the side of its boundary with the LOF region for both metals.



	
The sample porosity prediction seems to be capable of resolving the previous issue, providing a better correlation with experimental characterization in both cases.



	
The sample porosity analysis is limited to the laser power levels where the balling does not appear. This approach limits the investigation of the present analysis, as the unstable phenomena cannot be modelled; thus, the boundary between the optimum-density and balling cannot be explicitly designed.








As a future step, the development of efficient balling and keyhole modelling methods in order to provide the means to predict the tendency of process parameters for the formation of these defects is required. Additionally, the effect of different material properties of the metal alloys should be incorporated in the defect criteria for the next modelling efforts. Moreover, a good selection of experimental sets is needed to be combined with the modelling approach to evaluate the effect of hatch spacing on the variation of the optimum-density region. Lastly, the present framework is aimed to be combined with microstructural [58] and residual stresses [59,60] modelling approaches for the complete assessment of the build quality of L-PBF materials and parts.
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Figure 1. Flowchart of the modelling framework for the optimization of the L-PBF process. 
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Figure 2. Schematic description of single scan processing. Input variables are the AM metal material properties, layer thickness, baseplate temperature, laser power, and scanning speed; the output is melt pool dimensions (width, depth, length). 
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Figure 3. Schematic description of LOF porosity formation mechanism. 
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Figure 4. Schematic description of keyhole porosity formation mechanism. 
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Figure 5. Schematic description of balling porosity formation mechanism. 
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Figure 6. Schematic description of sample-porosity simulation. Input variables are the AM metal material properties, layer thickness, hatch spacing, baseplate temperature, laser power, scanning speed and the dimensions of the sample. Output is the overall porosity of the sample part. 
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Figure 7. The predicted process map of 316L SS metal alloy based on the modelling framework and its correlation with experimental characterization [50]. 
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Figure 8. The predicted process map of Ti-6Al-4V metal alloy based on the modelling framework and its correlation with experimental characterization [50]. 
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Figure 9. The updated 316L SS optimum-density region based on the porosity simulation. 
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Figure 10. The updated Ti-6Al-4V optimum-density region based on the porosity simulation. 
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Figure 11. The variation of optimum-density region of the process map of 316L SS for the values of 80, 100, 120 and 140 μm of the hatch spacing process parameter. 
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Figure 12. The variation of optimum-density region of the process map of Ti-6Al-4V for the values of 80, 100, 120 and 140 μm of the hatch spacing process parameter. 
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Table 1. Summary of the proposed criteria for the melt pool characterization.
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	Type of Porosity
	Criterion
	References
	Examined Metals





	Lack of Fusion
	D < t
	[28]
	NiNb5



	
	D < 1.1∙t
	[52]
	Ti-6Al-4V, IN718



	
	D < 1.5∙t
	[18,52]
	Ti-6Al-4V,

316L SS



	Keyhole
	W ≤ 1.2∙D
	[28,29]
	NiNb5



	
	W ≤ 1.5∙D
	[28,29]
	NiNb5



	
	W ≤ 2∙D
	[6,8,18]
	Ti-6Al-4V, 316L SS



	Balling
	L/W < 2.3
	[18,29]
	IN718, NiNb5







Note: L: melt pool length, D: melt pool depth, W: melt pool width, t: layer thickness.
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Table 2. Representative predicted melt pool characteristics for 316L SS.
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	Laser Power [W]
	Scan Speed [mm/s]
	Melt Pool Depth (D) [mm]
	Melt Pool Width (W) [mm]
	Melt Pool Length (L) [mm]





	50
	500
	0.005
	0.005
	0.095



	100
	500
	0.015
	0.081
	0.181



	100
	1000
	0.007
	0.007
	0.146



	100
	2000
	0.006
	0.008
	0.171



	200
	500
	0.084
	0.150
	0.361



	200
	1000
	0.023
	0.097
	0.217



	200
	2000
	0.004
	0.004
	0.27



	350
	1000
	0.073
	0.138
	0.537



	350
	2000
	0.01
	0.073
	0.302
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Table 3. Representative predicted melt pool characteristics for Ti-6Al-4V.
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	Laser Power [W]
	Scan Speed [mm/s]
	Melt Pool Depth (D) [mm]
	Melt Pool Width (W) [mm]
	Melt Pool Length (L) [mm]





	50
	500
	0.009
	0.066
	0.153



	100
	500
	0.051
	0.132
	0.282



	200
	500
	0.087
	0.176
	0.391



	100
	1000
	0.012
	0.081
	0.165



	200
	2000
	0.014
	0.08
	0.180



	350
	1000
	0.083
	0.159
	0.418



	100
	2000
	0.004
	0.004
	0.254



	200
	2000
	0.014
	0.08
	0.172



	350
	2000
	0.048
	0.115
	0.237
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Table 4. Correlation between the experimental and the predicted characterization of process parameters based on single laser-scan analysis.
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316L SS

	
Ti-6Al-4V




	
Laser Power [W]

	
Scanning Speed [mm/s]

	
Experimental Characterization [50]

	

	
Prediction (Single Laser Scan)

	
Experimental Characterization [50]

	

	
Prediction (Single Laser Scan)






	
50

	
500

	
LOF

	
✓

	
LOF

	
LOF

	
✓

	
LOF




	
100

	
500

	
Dense-optimum

	
✕

	
LOF

	
Dense-optimum

	
✓

	
Dense-optimum




	
100

	
1000

	
LOF

	
✓

	
LOF

	
LOF

	
✓

	
LOF




	
100

	
2000

	
LOF

	
✓

	
LOF

	
LOF

	
✓

	
LOF




	
200

	
500

	
Keyhole

	
✕

	
Dense-optimum

	
Keyhole

	
✓

	
Keyhole




	
200

	
1000

	
Dense-optimum

	
✕

	
LOF

	
Dense-optimum

	
✓

	
Dense-optimum




	
200

	
2000

	
LOF

	
✓

	
LOF

	
Dense-optimum

	
✕

	
LOF




	
370

	
1000

	
Dense-optimum

	
✓

	
Dense-optimum

	
Keyhole

	
✓

	
Keyhole




	
370

	
2000

	
LOF

	
✓

	
LOF

	
Dense-optimum

	
✕

	
Balling
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Table 5. Updated correlation between the experimental and the predicted characterization of process parameters based on the porosity simulations.
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316L SS

	
Ti-6Al-4V




	
Laser Power [W]

	
Scanning Speed [mm/s]

	
Experimental Characterization [50]

	

	
Prediction (Single Laser Scan)

	
Experimental Characterization [50]

	

	
Prediction (Single Laser Scan)






	
50

	
500

	
LOF

	
✓

	
LOF

	
LOF

	
✓

	
LOF




	
100

	
500

	
Dense-optimum

	
✓

	
LOF

	
Dense-optimum

	
✓

	
Dense-optimum




	
100

	
1000

	
LOF

	
✓

	
LOF

	
LOF

	
✓

	
LOF




	
100

	
2000

	
LOF

	
✓

	
LOF

	
LOF

	
✓

	
LOF




	
200

	
500

	
Keyhole

	
✕

	
Dense-optimum

	
Keyhole

	
✓

	
Keyhole




	
200

	
1000

	
Dense-optimum

	
✕

	
LOF

	
Dense-optimum

	
✓

	
Dense-optimum




	
200

	
2000

	
LOF

	
✓

	
LOF

	
Dense-optimum

	
✕

	
LOF




	
370

	
1000

	
Dense-optimum

	
✓

	
Dense-optimum

	
Keyhole

	
✓

	
Keyhole




	
370

	
2000

	
LOF

	
✓

	
LOF

	
Dense-optimum

	
✕

	
Balling
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