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Abstract


The mechanical properties in laser-based powder bed fusion (PBF-LB/M) manufactured parts are anisotropic in nature due to the layer-wise build-up but also change due to different solidification conditions in dependence on the process strategy and the geometry. In this work, the latter effect is examined by means of simulating the thermal history on a part scale (macro temperature) and correlating the critical temperature and holding time with the local hardness and microstructure. A macro temperature model is introduced and validated with vector-based thermal simulations and thermo couple measurements from the build-up process. Two cone-shaped geometries are investigated, namely, an upright and an inverted cone. The examinations are performed and validated with Inconel 718. An outlook to further investigations and more complex, real-life applicable geometries is given.
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1. Introduction


Laser powder bed fusion is an advanced fusion additive manufacturing process for melting metal using a laser beam (PBF-LB/M). Complex three-dimensional structures can be created by selectively melting and fusing successive layers of metal powder. In comparison to other additive manufacturing processes, such as direct energy deposition, the productivity is lower. However, PBF-LB/M exhibits a higher level of precision and accuracy, allowing parts to be manufactured closer to the near net shape of manufactured parts. Complex geometries pose the challenge of achieving homogeneous mechanical properties because the geometry can affect the thermal behaviour during the process. Therefore, understanding and addressing the challenges associated with geometrical complexity is essential for the successful implementation of PBF-LB/M in new industrial applications.



The high geometric accuracy is a result of the small laser beam diameter of ~100 µm and, consequently, smaller melt pool size during the process. The solidification process during PBF-LB/M is strongly out of thermodynamic equilibrium, and the solidification conditions are classified as “rapid solidification”, with large temperature gradients on the phasefront of solidification and a fast solidification velocity being characteristic [1,2,3]. The local solidification rate determines the resulting microstructure and, thus, the as-built mechanical properties. Due to process inherent preheating, the solidification conditions vary throughout the part geometry, and this can unfavourably influence the mechanical properties since a more homogenous part is usually desired. However, the determination of the real solidification conditions in the PBF-LB/M processes is a challenge since these cannot be measured experimentally along the moving phase front. Measurement methods, such as radiation thermometry or temperature measurement using thermocouples, only allow the determination of the surface temperature or determination of the temperature history of a fixed point at a great distance from the solidification front. Due to these experimental limitations, simulations are a useful tool to determine the temperature at any time, in any location, during build-up and in the cool down phase of the process. Thereby it has to be distinguished with respect to the time and length scale at which position the temperature is investigated. Due to the vector-based nature of the PBF-LB/M process and the relatively small area of energy input area, and the high intensities of up to   ~   10   10       W  /    m   2       occurring in the process, a resolution in the range of the melt pool scale has to be chosen for an accurate description of the process. Typical scanning velocities are   ~ 1     m  /  s    , a melt pool size of ~200 µm, a beam diameter of ~100 µm, and an interaction time of 100 µs. This fine resolution of the process, which is required for deeper understanding, is associated with high expenditures for mapping to an entire component, since the integrated length of all scanning vectors in a typical component is on the order of ~km and a numerical evaluation along all scanning vectors is associated with high resolution in time and, thus, would require a tremendous calculation time.



In this work, the mechanical properties of critical component areas/volumes are investigated and compared to the microstructure formed under different process-related preheating temperatures. For this purpose, a reduced order model is presented for the purpose to calculate the macro temperature, which is the temperature before the next exposure. The macro temperature is correlated with mechanical properties (hardness) and the formed microstructure. The macro temperature model is for coarse scale at the component level and is validated in this work with a high-fidelity resolution model, which is itself verified with experimental thermocouple measurements [4,5].



The scope of this work is to calculate and correlate the macro temperature with resulting mechanical properties—identifying critical temperatures and holding times for certain solid–solid phase changes, and presenting a simulation tool for further uses and more complex geometries.



The following sections first describe the test specimens used and the experimental procedure. Then, the numerical models, the macro temperature model for calculating the preheating temperatures and the melt pool model for determining cooling rates are described. Finally, the results are presented and discussed.




2. Methods and Approach


2.1. Processing and Characterization Techniques


The aim of this study is to investigate the effect of process-inherent preheating on the mechanical properties of parts manufactured by PBF-LB/M. For this purpose, two conical shaped specimens (cf. Figure 1) are additively manufactured using a commercial PBF-LB/M system with a reduced build volume (e.g., Aconity Mini) and investigated. Two oppositely oriented truncated cones are chosen as test specimens to be able to investigate the effects of heat accumulation. The truncated cone geometry has a small diameter of     d   1     = 1.5 mm, large diameter     d   2     = 35 mm and a height of     h   c     = 33.5 mm. Heat accumulation is to be expected for the cone, whose cross-sectional area decreases towards the substrate plate since heat dissipation in the process primarily takes place in this direction. This specimen, hereinafter referred to as     C   v     in analogy to a V-shaped cone, is built up from the small to the large diameter, and the second specimen     C   A     is mirrored to the substrate plate.



For this work, the process parameters are adopted from Verhülsdonk et al. [4]. The specimens are fabricated with contour hatch exposure, layer-by-layer rotation of the scan vectors, and optimized process parameters (Table 1) derived from preliminary studies for the fabrication of dense bulk structures (ρ > 99.9%). A more detailed description of the test specimens and the experimental manufacturing process is given in [4]. The simulation parameters are defined in analogy to the experimental values and further described in Section 2.2.3.



The material used in this study is Inconel 718 (IN718). IN718 is a high-strength nickel-iron-chromium alloy that is resistant to corrosion and oxidation. Due to its low aluminium and low titanium content, the material IN718 exhibits good weldability compared to other nickel-based alloys and is predestined for processing by PBF-LB/M, which is comparable to a certain extent to continuous welding processes. By suitable selection of the process parameters, a density approaching 100% can be achieved, with only minimal defects occurring [6]. The hardness of additively processed IN718 is in the range of about 30 HRC/300 HV. The liquidus temperature of a common alloy composition of IN718 is 1336 °C. The solidus temperature, below which complete solidification of the microstructure occurs, is 1260 °C. Typical applications of the alloy are, for example, aerospace engineering or turbomachinery construction, where the material is used in the environment of combustion reactions at up to 60–80% of the melting temperature. The composition of the powder used in this study is within the standard composition range specified for IN718 powder by the supplier EOS GmbH [4]. The mean particle size of the IN718 powder is D50 = 30 µm.



After processing and removal from the substrate plate, an analysis of the mechanical properties of the cones is conducted by measuring the Vickers hardness according to ISO 6507-1 on the cross-sections of the cones in as-build state (Figure 1b). Deliberately, no heat treatment is carried out (as usually after PBF-LB/M) in order to be able to examine the effect of the process-inherent heat treatment. Vickers hardness (HV0.1) is determined by measuring the diagonals of an indentation formed after loading the specimen with a pyramid-shaped diamond indenter under a specified test load. The length of the diagonals is recorded optically, and afterwards, the hardness is determined using a table. The hardness was determined at intervals of 1 mm along the build height, and the mean value and standard deviation were determined layer by layer from multiple measurements.



After measuring the hardness, a microstructural analysis of the cones is performed. The cross-section of a central area of the cones is examined using a scanning electron microscope. The micrographs of the transverse sections at different magnifications for the A-cone and the V-cone are investigated. The secondary phase is made visible by etching in an alcoholic solution.




2.2. Model Description of PBF-LB/M Macro Temperature Model


In this work, we focus on the macro temperature scale. The goal is to estimate the temperature before the exposure of the consecutive layer, thus yielding a good estimate of the process inherent preheating temperature. Since the macroscopic approach aims at achieving trade-offs between model accuracy and computation time, a complete physical description of the process phenomena is not feasible, which implies that various simplifications are implicitly assumed. The assumption is made that the solidification conditions are strongly influenced by the local preheating temperature due to the hyperbolic nature of heat conduction equation. Additionally, the knowledge of the macro temperature allows a rough estimation of the susceptibility to distortion of a certain volume of the part, as this is proportional to the difference between melting temperature and chamber temperature. In order to reduce the computational effort, the macro temperature model is based on a multilayer approach: multiple physical layers with typical layer heights between~10–100 µm are combined into a numerical layer, which is exposed     n   e x p    -times and alternated with the same amount of laser-inactive cooling steps. In order to obtain a reliable temperature profile in dependency of the component shape, both the part and the substrate plate are modelled, resulting in a computational domain    ∑    ⊂ ℝ   3      . Due to the heat conduction conditions together with the assumption of a moderately placed component density in the building space, it is not necessary to integrate the solution over the entire substrate plate, as most of the heat is conducted into the negative   z  -direction in this case. The size of the substrate plate in the   x − y   direction is therefore chosen to be slightly larger than the projection of the component. The powder is not modeled with finite elements in this approach but is considered within the boundary conditions of the part and substrate.



2.2.1. Governing Equations and Boundary Conditions


In the modelling of the thermal budget of the PBF-LB/M process, the heat transport due to the heat supplied by the laser radiation to the powder particles and the substrate performs the key role. The model considers the heat equation is for the boundary conditions defined by the PBF-LB/M process in a commercial machine where the heat input to the system can be described by the simplest form of the heat equation:


    c   p   ρ   ∂ T   ∂ t   + ∇ ( − k ∇ T ) = Q  



(1)







Here,   T   is the current temperature,   t   is the time,   ρ  ,     c   p    , and   k   are the material-specific quantities density, specific heat capacity and thermal conductivity and   Q   as the surface heat source. For a detailed physical description of the thermal processes, boundary conditions must be assumed for this equation, which is linked to the process conditions at hand. A two-dimensional resolution of the heat source is, for this reason, modelled in this approach.



During exposure (    b   L a s e r   = 1  ), the cut top surface     A   t o p     of the part is heated by the laser radiation. The heat input     q   L     for the top surface follows:


    q   L   =   ∫    A   t o p       α     P   L       h   d     v   S       Δ   t   i , b 1   d A ,  



(2)




where α is the material state dependent absorptivity,     P   L     is laser power,     h   d     is hatch distance,     v   S c a n     is scanning speed, and   Δ   t   i , b 1     is the time during exposure. The timestep   Δ   t   i , b 1     size is calculated in dependence on the process parameters hatch distance     h   d     and scanning speed     v   s     for the current layer   i  . At the surface, a conductive heat transfer term     q   v     describes the cooling by the shielding gas flow describing as:


    q   v   = −   h   c   (   T   s u r f   ( x , y , z ) −   T   0   )  



(3)




where     h   c     as the convective heat transfer coefficient and     T   s u r f     as the surface temperature. An initial heating of the substrate plate and the powder layers with     T   p r e h e a t   =   80 °C is assumed, the ambient temperature     T   0     during PBF-LB/M is defined as 20 °C. The initial temperature condition at time     t   0     is a uniform temperature distribution:


  T   x , y , z , 0   =   T   p r e h e a t     x , y , z    



(4)







The bottom side of the building plate is taken to be constant and equal to the preheating temperature     T   p r e h e a t    . The walls of the substrate plate in perpendicular direction to the build directions are modelled as thermally insulating. On the top side of the substrate plate, the contact with the powder is considered and, therefore, is treated in the same way as the lateral surfaces of the component. The heat transfer from the side surface, thus both from the part and from the top of the substrate plate, into the powder surrounding the part depends for each time step only on the thermal properties of the powder.




2.2.2. Material Properties


The material properties are modelled as temperature-dependent and are calculated before exposing a layer with the laser based on the preheating temperatures in the previous layer. The material properties are calculated for the solid-state region up to a temperature of 1230 °C; higher preheating temperatures are not considered, the material properties are used as constant. The material constants for the solid-state region according to [7] were considered, which can be taken from Figure 2. The heat conduction from the component into the powder is set to be 1%, the density     ρ   p o w d e r     and the specific heat capacity     c   p , p o w d e r     are assumed to be 50% and 100% of the solid material properties, respectively [8]. It is also expected that the powder temperature does not increase significantly and can be assumed to be constant.




2.2.3. Numerical Setup


The macro temperature model described calculates the temperature as a function of the build-up time and is used to estimate preheating temperatures after powder application and before the next exposure. The preparation of the CAD geometries, including meshing, was performed in Gmsh [9], an open-source finite element mesh generator and the simulative implementation was completed in FreeFEM [10], an open-source differential equation solver.



The mesh generator used cannot generate a regular mesh with tetrahedra, as the thermal model requires. In order to limit the size of the elements in the z-direction (building direction) and to avoid overlapping of elements in the planes proportional to the thickness of the layers, the geometry has been intersected into slices with a numerical layer height. This ensures that no finite elements intersect the plane of the current active numerical layer. Therefore, a cutting of the finite elements during the build-up process is not necessary, and the mesh resolution does not have to be adapted locally. The numerical layer height is chosen to be 10 times of the real layer height (30 µm). The geometries are positioned on a virtual substrate plate with the dimensions 75 × 90 × 10 mm (x, y, z). The meshing of components and substrate plate is performed with a total of 385,663 finite element cells. The parameters     P   L    ,     v   S c a n    , and     h   d     are defined in analogy to the experimental values and can be taken from Table 1. The time for recoating is 4 s.



All elements above the top layer height of the mesh are deactivated for the calculation to reduce the computational time of the solution. After activating a new layer, the total heating time for the current layer is determined according to Equation 2 using the parameters laser speed, hatch distance, and scanning speed. Following the planar heating on the surface, a second calculation cycle is performed for the layer based on the recoating time. Additional holding times are estimated to be 10% of the recoating time and are added to the cooling cycle. The numerical simulation of the described geometries took about 75 min with     n   e x p     = 2 exposures per layer. The model runs on a single core on a workstation with an Intel Xeon Gold 5220 processor at 2.20 GHz.




2.2.4. Reference Thermal Model


For purposes of validation, data from a numerical model that spatially resolves the heat input due to the scan vectors are available to represent both the short and long-time scales [5]. This model is validated against experimental results where temperature sensors were used [4].





2.3. Melt Pool Simulation Model


In order to estimate the effect of the process’s inherent preheating conditions on the melt pool formation (size) and solidification conditions, well established melt pool simulations are run. The susceptibility of experimental approaches is high since, for example, melt pools with similar surface temperatures at the top surface can have significantly different shapes below the surface, resulting in different cooling rates at different locations of the melt pool [11]. Therefore, a melt pool simulation is performed to evaluate the influence of different preheating temperatures on the solidification conditions and melt pool geometry.



In the thermal simulation, the quasi-stationary state of a single-track during exposure to the laser is simulated, for which the melt pool geometry and temperature is assumed to be constant over time. The thermal simulation model is based on the principle of the finite element method (FEM), where the modelling of the melt pool is a free boundary problem whose solution is based on the integration of the time-dependent heat conduction equation. A more detailed description of the applied PBF-LB/M model is given by [6].



The input parameters are the process parameters laser power     P   L     and scan speed     v   S c a n    , the preheating temperature     T   p r e a h e a t    , and the temperature-dependent material properties in analogy to the description in the macro-temperature model. The laser beam is described by a gaussian beam profile of a typical PBF-LB/M system in the processing plane (beam diameter     d   s     = 84 μm, edge steepness n = 2). In addition to a basic absorption determined in preliminary tests, an increased effective absorption with increasing melt pool depth is assumed. In this way, reflections within the melt pool are considered, which are observed in the PBF-LB/M at high beam intensities (deep welding) and a consequent formation of a vapor capillary (so-called keyhole). To model the formation of a keyhole, it is assumed that the material reaching the vaporization temperature (    T   e v a p     = 3200 °C) is transparent to the laser radiation. The solidus temperature, below which complete solidification of the melt occurs, is     T   s o l i d u s     = 1260 °C. The result of the simulation is a transient three-dimensional temperature distribution of the melt pool. The cooling rate   Ṫ   perpendicular to the 3D liquidus surface on the isotherm of     T   s o l i d u s     is calculated as:


  Ṫ = G ·   v   S o l   =        ∂ T   ∂ x       2   +       ∂ T   ∂ y       2   +       ∂ T   ∂ z       2    ·   v   S c a n     cos  ⁡  α   ,  



(5)




where   G   is the thermal gradient and     v   S o l     the solidification velocity.   T   represents the temperature,   x , y , a n d   z   the cartesian coordinates, and α the angle between the normal on the isotherm of the solidus temperature and the scan direction.





3. Results and Discussion


The results are divided into four sections. First, the experimental results for the Vickers hardness of the additively manufactured cones are presented. Then, the microstructure analysis is performed to discuss the differences between the cones and correlated to the hardness measurements. Next, the novel macro-temperature model is validated and used to estimate the process-inherent preheating temperatures for the two cone samples at the points that have been previously investigated experimentally. Based on this, the relationship between the mechanical properties and microstructure to the predicted preheating temperatures can be discussed. Finally, an estimation of the cooling rates based on the different preheating temperatures using a single-track model for the melt pool in PBF-LB/M is carried out to evaluate the effect on the solidification condition caused by process-inherent preheating.



3.1. Analysis of Microhardness


For the hardness measurement, the cones were divided into two halves parallel to the build direction. The measuring points are selected on the cross-sectional area at different build heights, whereby the number of measuring points varies due to the shape of the truncated cylinder. The evaluation is carried out on different layers, which is schematically illustrated in Figure 3a.



Figure 3b shows the result of the Vickers hardness measurements. No values for the lowest build heights (below 4.5 mm) of the cones could be recorded due to the necessary separation of the specimens from the substrate plate. The mean and standard deviations are determined layer by layer from several measurements, the number of which correlates with the width of the cone at the respective height. The number of measuring points for the     C   A     specimen decreases from an initial 25 measuring points at   z = 4.5   mm over the build height to a minimum of 5 measuring points at   z = 26.5   mm. Correspondingly, the number of measuring points for the     C   v     specimen increases with the build height, from an initial 9 measuring points at   z = 4.5   mm to 31 measuring points at   z = 26.5   mm.



The experimental results show a higher overall hardness for the V-shaped cone     C   v     with a mean value of 339 ± 14 HV in comparison to a mean value of 310 ± 22 HV0.1 for     C   A    . This is in the range of technically well-knows values of about 30 HRC/300 HV (compare Section 2.1). In addition to that, the layer-wise visualization of the hardness indicates that the difference in hardness between the cones increases with increasing height. This is attributed to a heat accumulation and consequently slower cooling for     C   v    , which is assumed to promote the formation of y’(‘) precipitates and, therefore, higher hardness for the V-shaped cone.




3.2. Analysis of Microstructure


To further investigate the inhomogeneous mechanical properties in the specimens, a microstructure analysis is performed. From the micrographs (cf. Figure 4, 100× magnification), a typical defect phenomenon known for LPBF can be seen (typically referred to as Lack of Fusion (LoF)) [12]. This occurs when, during melting of the powder, no complete fusion metallurgical bond can be achieved with adjacent tracks and layers. The observed solidification structure consists of filigree columnar dendrites (γ-phase) with widths of a few µm and is, for the most part, very similar for the A-cone and for the V-cone. At the highest magnification, the formation of interdendritic phases, presumably alloy typical Laves, δ, NbC, or TiN of the order of a few nm is evident. Qualitatively, a larger proportion of interdendritic phase fractions can be observed in the SEM images of the V-cone. No definite statement can be made about the composition of the interdendritic phase detected without an additional phase determination. Most likely, it is mainly Laves phase, which forms from the last solidifying melt at high Nb-concentrations (beyond 20%) [13]. This phase commonly forms during solidification of IN718, dissolves during subsequent heat treatment and provides for the high strength of the IN718 superalloy through the subsequent precipitation of nano-fine γ″ or γ′/γ″ particles through the mechanisms of precipitation hardening and solid solution strengthening [14,15]. Even if rapid cooling might suppress melt segregation, Laves phase formation has been observed under the non-equilibrium solidification conditions of PBF-LB/M [16,17]. Qualitatively, slightly coarser dendrites and a larger proportion of presumably Laves phase can be seen in the case of the V-cone. This observation is in accordance with the literature, where, e.g., Kumara et al. [18] found both lower cooling rates (cf. Section 3.5) and temperature gradients being beneficial for increased Laves-phase formation. In combination with the assumption derived from hardness measurements that the heat treatment-like process conditions during build of the V-cone promote γ′/γ″-formation from Laves, this seems even more plausible.



In the SEM image with the lowest magnification, the sample area is imaged from the centre of the test geometries in an area of 2.25 × 3 mm. Within this area, no change in the width or height of the microstructure image can be seen. Therefore, it can be claimed that the microstructure behaves comparatively homogeneously in this range. No statement can be made about the entirety of the samples based on the available data. From the hardness measurements, it can be concluded that the proportion of Laves phase precipitates should decrease with the height of the A cone, analogous to the decrease in hardness.




3.3. Validation of the Macro Temperature Model


Typically, the thermal history for AM manufactured components must be mapped on different time scales, one global resolution on a part scale level in the order of hours and the other local to the area of the melt pool with a magnitude in the range of milliseconds. With the described model, the local time scale is not considered due to the layer-wise exposure. Therefore, an approximation of the temperature history on the component scale is performed to identify preheating temperatures in the component layers. The output of the numerical model is the thermal history for the entire part geometry.



With increasing build height, a clear heat accumulation can be observed in the V-cone. The maximum preheating temperature in relation to the ambient temperature is 951 °C. Here, the temperature at the time before the next layer is exposed has been used, resulting in a certain uniformity of temperature in the uppermost surface layer. For further validation, three points have been defined in each cone. These points are located on the central axis of the cones at the build-up heights of 5 mm, 16.5 mm, and 30 mm (cf. Figure 5a).



Figure 5b,c show the temperature plots for the points of interest     P   1     and     P   3     (A-cone) and     P   4     and     P   6     (V-cone) for the reference numerical model and the macro model. This illustrates the influence of the total energy input in relation to the geometry and build-up time. The trend of the points     P   1     in Figure 5b illustrates that due to the tapering geometry, the energy input in the next layer is always lower than in the current layer, and at the same time, the heat dissipation into the substrate plate is high due to the ratio of the decreasing exposure area compared to the cross-sectional area to the substrate or the cross-sectional volume below the current layer. Approximately 30 min after the layer has been built up with     P   1    , the preheating temperature begin to decrease. Therefore, it must be noted that a small channel is designed in the A-cone for the insertion of a thermocouple. This channel has a height of approx. 4.6 mm and a width of approx. 4 mm and becomes pointed towards the top from a height of approx. 1 mm, with the result that the cross-section resembles a house with a roof. This channel is not included in the numerical model. Since     P   1     is located only about 1 mm above the channel, it is assumed that this leads to a heat accumulation in this point and, therefore, causes the large deviation between both simulation models at point     P   1    .



Figure 5c shows the temperature profiles of points     P   4     and     P   6     in the V-cone. Accordingly, it can be seen from Figure 5a that the temperature in the cone increases over the building time. The effect of the heat accumulation can be well observed in     P   4    . After approx. 188 min, a temperature plateau is reached, with a temperature increase of approx. 820 °C compared to the environmental temperature of 20 °C. As the build-up height increases, the local preheating temperature also increases over the layers. Before the layer with     P   4     is exposed, the preheating temperature in the previous layer is approx. 966 °C. The temperature increase in the A-cone can be explained by the previously described relationship of the cross-sectional area change of the layers to the height. It must thereby be considered that the heat transfer from the cone into the powder is small compared to the heat conduction from the cone into the substrate. Here, the circular surface of the A-cone connected to the substrate with     d   1     = 1.5 mm cannot dissipate enough heat. Furthermore, it should be noted that the ratio of the two cone areas in each layer is decisive for the waiting times, these being cooling times. These cooling times must be added to the recoating time so that the inter-layer time increases. Observations show that a shorter interlayer time leads to a significant increase in heat accumulation when the cross sections per layer remain to be equal [19,20].




3.4. Prediction of the Process-Inherent Preheating Temperature Profiles


The preheating temperatures are evaluated for the defined points     P   2     (A-cone) and     P   5     (V-cone) according to Figure 5b,c. The preheating temperature is determined halfway through the build-up of the cones in the layer after the exposure and cooling cycles have been completed. Figure 6 shows the temperature curve of these points plotted over the building time. The developed model illustrates a process-inherent preheating in agreement with the expectation to be inferred from the geometry. The preheating is determined to be     T   p r e a h e a t , P 5   = 700   ° C   in the centre of the specimen,     C   v    , and     T   p r e a h e a t , P 2   = 81   ° C   for     C   A    .



These results support the observations and considerations from Section 3.2, following the observations by Rielli et al. [21], even short dwell times above the γ′/γ″-formation temperature of approx. 600–900 °C are sufficient to initiate significant precipitation of said phases, especially as these tend to form at dislocations, which are present in AM microstructures in particularly high density. However, it is stated by the same authors that the expected size of γ′/γ″ formed under these conditions might be well below 5 nm and, thus, below the detection limit of SEM. Additionally, the pre-existence of Ti and Nb binding Laves-phase might also hinder γ′/γ″ precipitation so that no clear statement is possible.




3.5. Evaluation of Solidification Conditions


The result of the simulation for the selected preheating temperatures of     T   p r e a h e a t , P 5   = 700   ° C   for specimen     C   v    , and     T   p r e a h e a t , P 2   = 81   ° C   for     C   A     is the transient three-dimensional temperature distribution of the PBF-LB/M molten pool (cf. Figure 7a). The solidification conditions occurring on the isotherms of the solidus temperature behind the deepest or widest point of the melt pool determine the microstructure of the material solidifying behind it. Therefore, the results for the given preheating temperatures are shown in the form of an isopleth diagram in Figure 7b. Only the lower 40 µm of the melt pool are taken into consideration since everything above this is melted again in the next layer.



It can be clearly seen from the simulation results that a larger melt pool for the V-shaped cone can be expected for the higher process-inherent preheating of 700 °C than in the case of 81 °C. The calculated melt pool depth and length is d700 = 140 µm and l700 = 422 µm, compared to d81 = 81 µm and l81 = 371 µm, respectively, for the smaller preheating temperature calculated for the A-cone.



The result for the calculated solidification conditions shows how the solidification rate varies within the melt pool. The lowest cooling rates occur in the widest area of the melt pool, while the highest cooling rate occur at the rear end of the melt pool on the solidification front. For the larger melt pool at the preheating temperature of 700 °C, the largest cooling rate is 1.2 × 106 K/s, while in the other case, it is 3.0 × 106 K/s. The calculated cooling rates are within the range usually expected for the PBF-LB/M of 106–107 K/s but consequently do not differ significantly. Due to the somewhat lower cooling rate calculated for specimen     C   v     based on the melt pool simulation, a larger dendrite arm spacing can be calculated in principle, from which a higher hardness can be derived for the V-cone case in agreement with the experimental findings. However, from the observation of the cooling rates from single-track melt pool simulations alone, the difference is not significant enough to be able to conclude on different microstructures due to process-inherent preheating.





4. Conclusions


In the present study, geometry-related effects leading to high process-inherent preheating and their influence on mechanical properties have been studied. Experimental investigations of the hardness of cones made of Inconel 718 and microstructure analyses were conducted to establish a relationship between geometry and the local temperature profile. A thermal model for fast calculation of the pre-exposure temperature on macro level has been presented and is validated with a high-resolution scan-vector based simulation. The temperature histories have been used to determine the cooling rates of the melt pool. The results can be summarised as follows:




	
A macro temperature model is developed and validated. Thereby, the presented reduced order model is significantly faster than the scan-vector resolved reference model: 75 min for the presented coarse-scale model on a single CPU core in comparison to 16 h for the high-fidelity model, which runs also on multiple cores.



	
The macro temperature model allows a qualitative prediction of the process-inherent preheating during PBF-LB/M and is used to determined preheating temperatures and local heating cycles for two geometries.



	
Geometric susceptibility to heat accumulation during PBF-LB/M is demonstrated experimentally, and an increase in Vickers hardness with build height for a V-shaped cone is found.



	
From analysis of microstructure, minor differences in the phase fraction of Laves phase can be observed and correlated to the increase in Vickers hardness. The proportion of strength-increasing precipitates is greater in the cross sections under process-inherent preheating. It can be assumed that nano-sized γ′/γ″ precipitates contribute to an increase in hardness. A precise assignment of whether the precipitates are Laves phase, δ or other precipitates, such as nitrides or carbides, cannot be definitively determined without an analysis of the phase composition.



	
The transient three-dimensional temperature distribution of the PBF-LB/M melt pool and solidification conditions are determined in a single-track simulation, based on the determined preheating temperatures, but the difference is not significant enough to conclude the different microstructure on its own.








Future research will address the transferability of the macro-temperature model to materials of other types and to more complex geometries. Furthermore, a coupling with structural, mechanical numerical models is being worked on to determine the occurring inherent distortion. For experimental investigations, the analysis of the phase composition lends itself to assessing whether the precipitates found are Laves phases.
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Figure 1. Geometries used for experiment and simulation. (a) Full part geometry with substrate and (b) manufactured metallic specimens. 
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Figure 2. Temperature-dependent material properties for IN718: (a) Thermal conductivity,   k  ; (b) specific heat capacity,     c   p    ; and (c) density   ρ  ; ○ Tabular data according [7], - - approximated polynomial. 
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Figure 3. (a) Qualitative representation of the measuring points in the cross section of the cones and exemplary illustration of the evaluation layers; (b) Hardness (HV0.1), evaluated as mean value and standard deviation, measured layer-wise over the build height. A higher hardness for specimen     C   v     in comparison to sample     C   A     and slightly smaller deviations for the V shaped cone can be identified. 
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Figure 4. SEM images of the V- and A-cone of the cross-sections parallel to the build direction z in the middle of the build height of the cones. A typical dendritic microstructure for PBF-LB/M -processed IN718 can be seen, while in the case of the V-cone. the proportion of Laves-phase is more pronounced. 
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Figure 5. (a) Geometric relationships of the test specimens and localization of the analysis points with numbering; Temperature profiles at the points of interest for the (b) A-cone and (c) V-cone. 
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Figure 6. Temperature profiles at the points     P   2     and     P   5    . 
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Figure 7. (a) Temperature distribution in the melt pool simulation of a single track during PBF-LB/M for varying preheating temperatures Tinit 700/81 °C, (b) resulting cooling rates (K/s) on the solidification front of Tsolidus = 1260 °C. Different size of the resulting melt pool geometries and small deviations of cooling rates at the solidification front can be seen. 
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Table 1. PBF-L/M process parameters for simulation and experiment.
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	Parameter
	Value





	   Laser   Power     P   L     
	160 W



	   Scanning   speed     v   S     
	960 mm/s



	   Hatch   Spacing     h   d     
	0.1 mm



	Layer thickness
	30 µm



	Recoating time
	4 s
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg





media/file4.png
1500

71000
Temperature (K)

7500

8400
8200}
000f
800t
7600}
7400

o M~
(ewy/by) Ajisuaq

4
(M w/m) A3A1IDNPUOD [PULIBYL

AR B L L B B
1<
.||||||||||..__.m
OO 1=

~ O )
O~ lo

, -
|O ..I.I Jo
mu/ o
DII 1

// o

O// 1
o/. W
(Oh A

D H

/O J
_____..u
o o o o o o o
o u o un o (Tg] o
I~ o 0 [Tg [T = =r

(63 3/[) 122y dYy1DadS

...................
1S
U|||||||.lm
OO 1

mw ]

\ ]
I o\ 18
,ﬂﬂ =
=
kY 1o
- ﬂ 1O
S i

du J
| M | IHU_

o o o o o

Temperature (K)

Temperature (K)

(c)

(b)

(a)





nav.xhtml


  jmmp-07-00088


  
    		
      jmmp-07-00088
    


  




  





media/file2.png
(a) (b)





media/file5.jpg
measuring points

evaluation

s o)
st

direction

@

height z (mm)

bui

SE=
250 300 350
hardness (HV0.1)
®)






media/file3.jpg
Temperatte 1)
(©)

L

Sempersiue ()

8838y
Tort wouoss

Tempertte 1)

()

(a)





media/file1.jpg





media/file7.jpg





media/file10.png
(b)

(c)

|
'I

4 D
. Z
74
d,
1500 ——m™M8mF———————F—————
[ liquidus
— 1250" solidus
Q i —— reference P1
— A | reference P3
E 1000 i —— macro model P1
3 750 | I S macro model P3
© N
g ¢
E 500 -
= 250f
%
1500 —
[ liquidus
— 1250 solidus
O i —— reference P4
2 r h mme reference P6
E 1000 i —— macro model P4
3 . N = macro model P6
© 750
Q E
= 250
00

Time (min)






media/file15.png





media/file12.png
oc)

1500¢
[ liquidus

1250¢

(
(-
o
-
o

Temperature

750
500

250

1l

L] I L L I LI L] I L | LIS

solidus

—— macro model P5
----- macro model P2

30 60

90 120

Time (min)

150

180

210






media/file9.jpg
@

b)

©

1500,

1250]

Temperature (*C)

500
250
% 30 0 Eg o100 10 210
Time (min)
1500

1250 s
5 s
g 1000 e
£ s s
E 500}
250
% 30 60 90 120 150 180 210

Time (min)





media/file14.png
700°C

V — Cone T,

= 1.5e+6

— 1.0e+6

5.0e+5

1.0e+00

m— 1.8€+06

Cooling rate T_dot (K/s)

iTs‘oj,i_i;l.ug =1260 °C

03 width (mm) — 3.3e+06
— 3.0e+6

005 R : ' 1 25e+6

ogspthmm)  — 2.0e+6
— 1.5e+6
1.0e+6

b . // 02 '
‘ ) 5.0e+5
width (mm) :
0

005 1.0e+00

(b)

Cooling rate T_dot (K/s)






media/file8.png
| yitics

-
@
g
—
&
&

2 ‘ . \.o.»L. . Ll
e RO
‘ R R

\ oy

A

"%
' v .
! v
: /
ad AR
Lok
. »

Defécts |






media/file11.jpg
Temperature (°C)

1500
1250

8

750
500
250

— macro model 75
= macto model 72

o 30 60 90 120 50 180 210

Time (min)






media/file6.png
build direction ‘

P'FI V-réon;a | |
30 _ & A-cone
measuring points €t R , e
- ; evaluation £ e
Nty layers N ool ='—“‘—'== — =
‘ ___ ‘g, | —Ah—
Vo A S TR
fiiiiiid,  —N\asiae/. = 10f e )
Z%/{/jﬁ/j/?/////} \Q\&\\\‘%@ £ ERl A
il W, <] S S B
: I 0 i l L L L L | L L ) N | L L
250 300 350

hardness (HVO0.1)
(a) (b)





