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Introduction

Shaping hard metals with a laser beam is a complicated exercise. For years, precipitation hardening of nickel-base superalloys has been widely used in aerospace and energy sectors for the fabrication of parts with an exceptional high-temperature strength. Although these materials were initially designed for casting, there is today a strong industrial interest in being able to shape them with the Selective Laser Melting (SLM) process. A reinforcement of the γ matrix by a volume fraction of γ'-Ni3(Al, Ti) precipitates between 40% and 80% is necessary for hightemperature properties [1,2], but this reinforcement unfortunately also increases the susceptibility of the materials to cracking during either their melting by a laser source or during further heat-treatments. Welding literature describes a typology of cracks that includes solidification cracking, ductility dip, liquation or strain age cracking [3][4][5][6]. There is today active research on the best way to fabricate defect-free parts using laser-based additive manufacturing processes.

In previous studies, microscopic solidification cracks were observed on samples produced by SLM with different alloys: IN738LC [7,8], CM247 LC [9] and Hastelloy X [10,11]. Even if this study focuses on solidification cracking, it can be mentioned that cracking during heattreatment was also observed for Inconel 738 LC [13] and CM247 LC [14] processed by SLM.

Solidification cracks are problematical: only the ones located in the bulk of the material can be healed with a hot isostatic pressing (HIP) treatment, whereas surface cracks will remain open. Kunz, Etter, Grässlin and Shklover [12] reported that they were able to produce samples in IN738LC for mechanical tests without cracks, with a HIP treatment. It was possible because the specimens were machined and thus the surface cracks were removed. Nevertheless, the scaled-up production of net shape parts with that solution is not possible.

A first possible solution to prevent solidification cracking is to control or modify the alloy composition. Several authors focused on the role of minor elements in various alloys. Engeli, Etter, Hövel and Wegener [7] processed by SLM with the same fabrication parameters eight batches with different compositions in the specification range of Inconel 738 LC. They calculated the correlation between the crack density and the composition in thirty-one minor elements. They concluded that there is a strong detrimental effect of elements Si and Pb. Cloots, Uggowitzer and Wegener [8] measured the segregation profile of minor elements at grain boundaries after solidification and suggest an effect of Zr and B on cracking susceptibility.

Tomus, Rometsch, Heilmaier and Wu [10] proposed that Si, Mn and C have a strong influence on solidification cracking of Hastelloy X. Chauvet et al. [15] observed the presence of phases rich in B at grain boundaries with a superalloy (Ti + Al=8.6 wt%) processed by Electron Beam Melting (EBM) and concluded in an important role of these phases. At this point, there is a general agreement on an effect of minor elements, but conclusions sometimes differ when it comes to ranking the effect of the different elements. Moreover, several authors underline that some minor elements (B and C) are useful for high temperature mechanical properties.

A second possible solution is an optimization of the fabrication parameters. Some studies investigate the effect of the fabrication parameters on solidification cracking. Carter, Attallah and Reed [9] noted a decrease in the cracking density of samples in CM247 LC when the scanning velocity of the laser beam was increased. They also observed an ambiguous role of the hatching space, which is the distance between two scanning tracks. Depending on the other fabrication parameters, an increase of the hatching space resulted either in more cracks or less cracks. In the same way, Cloots et al. [8] observed with a fixed laser power (𝑃 = 200𝑊) and a fixed hatching space that an increase of the scanning speed resulted in less cracks but also more porosity. He concluded that there is a necessary compromise between suppressing microcracking and having a dense material. To optimize the fabrication with the SLM process, it is worth remembering that the interaction of the laser beam with the powder bed creates a pool of liquid metal (melt pool), whose geometry depends very strongly on the fabrication parameters. This geometry is very important because it determines the solidification conditions [16] (solidification gradient 𝐺 and solidification velocity 𝑣 𝑆 ) at the origin of microstructures and defects as pores and solidification cracks. So far, no study has focused on the link between the shape or size of the melt pool and the microcracking phenomena. The objective of the present work is to elucidate the link between the process parameters, the geometry or size of melt pools and the occurrence of the defects. The main finding is that it is possible to simultaneously avoid cracks and obtain a dense material, by a control of the melt pool size combined with a control of the overlap between melt pools. The effect of the grain structure and of the mechanical stresses were also investigated.

Experiments

Processing conditions

To highlight a link between the melt pool shape and the crack density, samples were built in a large space of processing parameters. The objective is to find correlations between the melt pool dimensions and the crack density, before investigating the physical reasons. For the fabrication of the specimens, a gas-atomized IN738LC powder was used with a composition given in Table 1. diameter 𝜙 𝐿 = 100μm and a bidirectional scanning pattern with a rotation of 90° of scanning direction between each layer (Figure 1.a). This scanning pattern was chosen to facilitate observation of the melt pools. The variable parameters are the laser power 𝑃 (85 -370W), the scanning speed 𝑣 𝐿 (380 -1600mm/s) and the hatching space ℎ 𝑠 (75 -195𝜇𝑚). We generated a near random sample of 40 parameters using Latin hypercube sampling. To avoid unnecessary work with an unsuccessful building of samples or with a fabrication interruption, we selected a region of interest based on previous experience. First, only the parameters with a ratio 𝑃/𝑣 𝐿 between 0.15 and 0.7 J/mm were retained. Thanks to an estimation of the melt pool width coming from a previous work, only the parameters for which the estimated overlap ratio between adjacent melt pools (see definition in section 3.2) was positive and under 0.6 were retained. This led to the selection of 14 points, to which 9 parameters were added for a repetition of (P, 𝑣 𝐿 ) couples for different values of the hatching space ℎ 𝑆 . In total, sample were built with 23 different parameters. Figure 1.b represents graphically the value of the fabrication parameters in a coordinate reference (𝑣 𝐿 /𝑣 L 𝑚𝑎𝑥 , P/P 𝑚𝑎𝑥 ), and in a reference (𝐸 𝑙 , ℎ 𝑆 ), where 𝐸 𝑙 = P / 𝑣 𝐿 is the linear incident energy on the powder bed. The dots noted with squares, triangles or stars correspond to pairs (𝑃, 𝑣 𝐿 ) that have been used with several values of the hatching space.

On the graph on the right, an increase in hatching space as a function of the linear energy is visible. It results from the selection explained above and will be discussed further in the article. 

Crack observation and melt pool observation

The nature of the cracks was identified on the sample with 𝐸 𝑙 = 0.24𝐽/𝑚𝑚 and ℎ 𝑆 = 105𝜇𝑚.

After a midplane cut, Electron Back Scattered Diffraction (EBSD) was performed in a FEI Nova NanoSEM 450 with an EDAX Hikari EBSD camera. The acceleration tension was 20kV and the probe current was 10nA. An EBSD map of size 325 x 950 𝜇𝑚 was taken at the center of the top of the sample with a 1µm step size. The data was analyzed using the OIM Analysis TM v7 software. The crack surface was examined after bending the sample up to failure. Was used for observation, a Zeiss Gemini Sigma 300 Scanning Electron Microscope (SEM) with an Everhart-Thornley secondary electron (SE) detector and an acceleration tension of 5kV. The shape of the melt pools was revealed with a Glycerigia etching (15 ml HCl + 10 ml glycerol + 5 ml HNO3, 20s by swabbing) followed by an observation with an optical microscope.

Crack quantitative analysis and microstructure observation

For a quantitative analysis of cracks with the best statistical reliability, a cartography of the whole 10mm x 10mm midplane section of each cube was performed with a Keyens optical microscope. A polishing down to 0.04𝜇𝑚 colloidal silica finish enabled the detection of thin (1𝜇𝑚 wide) cracks and a good contrast necessary for image analysis. A processing with the software ImageJ allowed to distinguish the different types of defects (cracks and pores), with meticulous visual verification after the processing of every image. As a result, a crack density, that is to say a cumulative length of cracks per unit area (in mm/mm²), was calculated for every sample. In the same way, a fraction area of pores was evaluated. Microstructure observation was performed with a Zeiss Gemini Sigma 300 SEM and with an In-Lens secondary electron detector, after a Glycerigia etching.

Results

Solidification cracking

Microscopic cracks are visible on Figure 2.a: they measure typically 100𝜇𝑚 and are mainly vertical and located at grain boundaries. The crack surface was observed after bending the sample up to failure, see Figure 2.b. Dendritic microstructures are visible on the fracture surface. This is a sign of the presence of residual interdendritic liquid when the crack was formed. As other authors have concluded, this material processed by SLM is subjected to solidification cracking [7,8,17]. Other crack surfaces in the sample also show the dendritic structure, with nanoporosity visible between the dendrite arms (Figure 2.c). This demonstrates a lack of liquid metal feeding in the last stages of solidification, causing a poor cohesion between dendrites. A crack is visible: it initiates in a layer, transversally to a melt pool, and then propagates in several higher layers. As explained before, the objective of this study is to link the occurrence of these defects within the melt pool geometry on a large set of fabrication parameters. For that purpose, some characteristic dimensions of the melt pools (Figure 3.b) are measured in the top layer of the sample: the melt pool width 𝑊 𝑀𝑃 and the height of the remelting zone 𝐻 𝑅𝑍 .

Measures are taken on ten adjacent melt pools in the center of the sample. Let us note that a melt pool is never fully visible as it has been partially remelted by the following one. As a consequence, the half width on the left-side of the melt pool, which is always visible, was measured. Figure 3.c shows the evolution of 𝑊 𝑀𝑃 and 𝐻 𝑅𝑍 with respect to the linear energy 𝐸 𝑙 = 𝑃/𝑣 𝐿 (J/mm) and to the hatching space ℎ 𝑆 . In SLM process as in welding, it is common knowledge that melt pool size increases with respect to linear energy [18], up to the keyhole regime (vaporization), which is inappropriate for SLM because it causes porosity in the material (see section 3.4). An effect of the hatching space on the melt pool dimensions was also observed, especially for high energy fabrication parameters ( 𝐸 𝑙 > 0.3𝐽/𝑚𝑚) . The overlap ratio 𝜏 𝑅 depends both on 𝑊 𝑀𝑃 and ℎ 𝑆 : 

𝜏 𝑅 = 1 - ℎ 𝑆 𝑊 𝑀𝑃 Equation 1

Cracking density

The The best correlation found (i.e. higher R²) is between the crack density and the hatching space ℎ 𝑆 , which is presented on Figure 4. The lesser the hatching space, the fewer cracks. To interpret this correlation, it is recalled that:

| ℎ 𝑆 = (1) (2) 𝑊 𝑀𝑃 × (1 -𝜏 𝑅 ), Equation 2
where 𝜏 𝑅 is the overlap ratio defined in Equation 1. This let us note two contributions for this trend:

1) Effect of the melt pool width 𝑊 𝑀𝑃 : the density of cracks decreases when the melt pools are narrower (𝑊 𝑀𝑃 is smaller). Given the result of Figure 3.c, this is equivalent to saying that the density of cracks decreases when the linear energy 𝐸 𝑙 decreases. On Figure 4, the red dots (stars) correspond to a superior linear energy (0.64J/mm) than the green dots (squares) and their crack density is about three times higher. Let us note however that the determination coefficient of the correlation between the crack density and the melt pool width 𝑊 𝑀𝑃 is only 𝑅 2 = 0.33, which means that the melt pool width does not fully explain the crack density.

2) Effect of the overlap: at equal melt pool size, the crack density drops when the overlap 13 between the melt pools rises. For example, the green dots (squares) all have a linear energy of 0.24J /mm and width 𝑊 𝑀𝑃 = 200 ± 10𝜇𝑚. Among these points, a higher overlap ratio 𝜏 𝑅 (i.e. a smaller hatching space ℎ 𝑆 ) leads to less cracking. The same trend is valid for blue dots (triangles) and red dots (stars).

Figure 4 -Effect of fabrication parameters on the crack density.

Following this finding, an additional sample was fabricated with a very low linear energy (𝐸 𝑙 = 0.09𝐽/𝑚𝑚) and a very low hatching space. As expected, it features the lowest crack density: 0.07mm/mm², with only a few cracks located close to the free faces of the cube.

Porosity

The observation with the optical microscope revealed different types of pores. First, round pores were observed for high linear energies (𝐸 𝑙 > 0.45𝐽/𝑚𝑚). They are typical of keyhole porosity, caused by the vaporization of the metal [21]. Second, lack of fusion porosity in some samples resulted from an insufficient overlap between adjacent melt pools, so that some amount of powder remained unmelted between them [20]. Considering a fixed hatching space, this occurs when the linear energy is too low. Porosity can then be reduced either by increasing the linear energy or by decreasing the hatching space. Finally, irregularities of the upper surface of the cubes occurred either at high scanning velocities ( 𝑣 𝐿 > 1600𝑚𝑚/𝑠 ) due to the humping phenomenon [22] or for combined conditions of low linear energy and low power ( 𝐸 𝑙 < 0.22𝐽/𝑚𝑚 and 𝑃 < 100𝑊) due to capillary instabilites [23]. These irregularities led to an inhomogeneous powder bed thickness, so that the powder bed in some locations was too thick to be fully melted by the laser beam. An example of pores resulting from keyhole regime and lack of fusion are visible on Figure 5.a. Figure 5.b represents the surface fraction of pores as a function of the overlap ratio, for the samples that were not affected by keyhole porosity or by upper surface irregularities. One can see that a relative density over 99.9% is achievable by using an overlap ratio over 0.4. Given Equation 1, the values of the hatching space ℎ 𝑆 suitable for the fabrication increase with 𝐸 𝑙 , as shown in Figure 1. Cloots et al. [8] concluded in their study that "since porosity and crack density exhibit and inverse relationship, a trade-off in the choice of the process parameters to process IN738LC with SLM is necessary". On the contrary, it was possible in this work to produce a sample with both a low cracking density and a low porosity. This is possible by decreasing not only 𝑃/𝑣 𝐿 , but also the hatching space ℎ 𝑆 in parallel (see Figure 1.b), to obtain a sufficient overlap (𝜏 𝑅 = 40%) and thus a low porosity. For example, the additional sample which features the minimal microcracking density also has a relative density over 99.9%. 

Microstructure

The as-built specimens exhibit a very thin microstructure (Figure 6), with a primary dendrite arm spacing (PDAS) of an order of magnitude of 𝜆 1 ~ 600𝑛𝑚 and TiC carbides in interdendritic regions with a size inferior to 200nm, as observed in Ref. [24]. Despite a composition rich in 𝛾′-forming elements (Al+Ti+Ta+Nb >13% at), potential 𝛾′ precipitates are too small to be visible with a 50 000 magnification and the In-Lens detector. 

Discussion

Solidification cracking mechanism

In casting and welding processes, solidification is known to occur under two necessary conditions: mechanical stresses in the mushy zone and insufficient liquid feeding in a brittle temperature range (BTR), at the end of solidification (see Figure 7), between two characteristic values of solid fraction 𝑓 𝑠 . In the corresponding temperature range, the solid dendritic network is coherent [25], allowing mechanical stresses to be transmitted . A tensile stress between grains can still separate them, because a liquid film between them remains. If the available liquid pressure is not high enough, the separation causes a rupture of the liquid film and then a crack to appear. Despite the general agreement that the brittle temperature range is close to the end of solidification, the critical values of 𝑓 𝑠 differ between authors. For example, Clyne and David suggested that the alloy is brittle when 𝑓 𝑠 is comprised between 0.9 and 0.99 [26]. Rappaz, Drezet and Gremaud [27] proposed a model for solidification cracking ("RDG model", based on the pressure drop of the liquid phase in the mushy zone. If the pressure drop Δ𝑝 𝑙 exceeds a critical value, a crack will initiate. They suggest the following expression of Δ𝑝 𝑙 :

Δ𝑝 𝑙 = Δ𝑝 𝑙 𝜖 𝑠 + Δ𝑝 𝑙 𝛽 = (1 + 𝛽)𝜇 𝑙 ∫ 𝐸 ̇(𝑧 1 ) 𝐾 𝑑𝑧 1 + 𝑣 𝑆 𝛽𝜇 𝑙 ∫ 𝑔 𝑙 𝐾 𝑑𝑧 1 𝐿 0 𝐿 0 Equation 3
where 𝛽 is the solidification shrinkage, 𝜇 𝑙 is the viscosity of the liquid phase, 𝐿 is the extent of the mushy zone (i.e. the distance between the dendrite root at 𝑧 1 = 0 and dendrite tip at , 𝑔 𝑠 and 𝑔 𝑙 are the volume fraction of solid and liquid, 𝜖ṡ , 𝑥 1 𝑥 1 is the strain rate in the solid, 𝐾 is the permeability of the mushy zone, 𝑣 𝑇 is the isotherm velocity.

𝑧 1 = 𝐿 ),
This model highlights both contributions for solidification cracking: the strain in the mushy zone (term Δ𝑝 𝑙 𝜖 𝑠 ) and the lack of liquid metal feeding (term Δ𝑝 𝑙 𝛽 ). Let us mention that both terms increase with the extent of the mushy zone 𝐿. The estimation of the full expression of the pressure drop would require a calculation of the strains in the mushy zone, which is not the scope of this article. Nevertheless, we discuss in the following subsections the effect of the extent of the mushy and the effect of mechanical stresses.

Extent of the mushy zone

As most solidification cracking criteria, RDG model describes that a large mushy zone is more likely to cause cracking. The extent of the mushy zone 𝐿 has an influence on both terms Δ𝑝 𝑙 𝜖 𝑠 and Δ𝑝 𝑙 𝛽 . In this study, it is interesting to explore a possible effect of the extent of the mushy zone on the crack density. The effect of the processing parameters on the extent of the mushy zone can be estimated with Rosenthal model [28]. Due to the simplicity of this model, the results are expected to be mainly qualitative, as more complex models including liquid convection are necessary to reflect correctly the melt pool shape in high-energy conditions. According to Rosenthal model, the thermal field 𝑇(𝑥, 𝑦, 𝑧) around a punctual laser source is:

𝑇 -𝑇 𝑠𝑢𝑏 = 𝐴.𝑃 2𝜋𝑘𝑟 exp (- 𝑣 𝐿 (𝑟+𝑥) 2𝛼 ) Equation 4
where 𝑇 𝑠𝑢𝑏 is the substrate temperature far from the melt pool, 𝐴 the absorption coefficient, 𝑟 = √𝑥 2 + 𝑦 2 + 𝑧 2 , 𝑘 the material thermal conductivity and 𝛼 the material thermal diffusivity. These properties were estimated at solidus temperature from measurements by Quested et al. [29]: 𝛼 = 4.10 -6 𝑚 2 𝑠 -1 , 𝑘 = 25𝑊𝑚 -1 𝐾 -1 . For the solidus and liquidus temperatures, the Thermocalc software was used with TCNI9 database. As in other studies [8,10,15,17], it was considered that Gulliver-Scheil model (i.e. infinite diffusion of chemical species in the liquid phase and no diffusion in the solid phase) is the best model available to describe rapid non-equilibrium solidification, although it does not account for possible solute trapping [30,31]. No phase was rejected in the calculation and the solidus temperature was assimilated to the temperature when the mass solid fraction is 0.99. These assumptions resulted in a liquidus temperature 𝑇 𝑙 = 1340°𝐶 and a solidus temperature 𝑇 𝑠 = 1027°𝐶 . Note that liquidus temperature is quite close to the one measured by Quested et al. by differential scanning calorimetry (DSC) at 10K/min (1355°C), whereas the solidus temperature is significantly lower than the one measured by DSC (1239°C), which is consistent with the non-equilibrium Scheil solidification. An absorption coefficient of 0.7 was chosen, so that the depth the solidus isotherm matches 𝐻 𝑅𝑍 = 78µ𝑚 for the case 𝐸 𝑙 = 0.24𝐽/𝑚𝑚 . Figure 8.a shows the temperature field on a longitudinal cut (x, 0, z) of the melt pool, with Rosenthal model. The liquidus and solidus isotherm are represented as black lines: melting occurs on the right and solidification on the left. The extent of the mushy zone 𝐿(𝑥) is the distance between the two isotherms: it is plotted as a function of 𝑥. For is, it is supposed that the growth direction of the dendrites is vertical. The maximal extent of the mushy zone occurs at the back of the melt pool and is noted 𝐿 𝑚𝑎𝑥 . The calculation was repeated for every parameters. As it was explain before, no quantitative correspondence between the simulated dimensions of the melt pool and the experimental one is expected, due to the simplicity of the model (no convection, latent heat, powder addition…). A quantitative validation would require multi-physical models, see for example [32] or [33]. Even the use of a simple model is interesting tough: Figure 8(b) shows a correlation between the maximal extent of the mushy zone predicted by Rosenthal and the crack density. In conditions of high energy (larger melt pool), the thermal gradient is smaller and the mushy zone is deeper. This leads to more solidification cracking, in agreement with RDG model.

Note that the markers in color have the same value of 𝐿 𝑚𝑎𝑥 , because the model does not take into account the effect of the hatching space. Therefore, the model does not account for the decrease of the crack density when the hatching space decreases while 𝑃 and 𝑣 𝑆 remain constant (see Figure 4). This effect will be discussed in section 4.5. 

Mechanical stresses

In welding, solidification cracks are usually longitudinal [34]. It was observed in this study that the cracks always initiate transversally to the melt pool, which is conform to Cloots' observations [8]. As a consequence, the initiation of the cracks is caused by a tensile stress in the direction parallel to scanning direction (longitudinal stress). According to the Rosenthal model, the temperature gradient in the mushy zone is lower for large melt pools. One cannot say that a lesser gradient in this zone means less stress in this region. Indeed, Dye, Hunziker and Reed [35] show with thermomechanical simulations of IN718 welding that the mushy zone is constrained by its surroundings and notably by the heat affected zone. Tensile stress in the mushy zone is the result of differential thermal expansion between the mushy zone and the heataffected zone. They show that under high linear energy conditions, the contraction of the melt pool during solidification is not compensated by the expansion of the heat-affected zone, causing a tensile stress in the mushy zone. Although their study considers welding, it is compatible with our observation on the SLM process that there are more cracks when the material is processed with large melt pools.

Although the effect of size of the mushy zone and of the mechanical stresses are useful for the interpretation of the results, it is not sufficient to understand thoroughly the mechanisms at stake in the SLM process. First, the layer-by-layer fabrication produces grains structures which depend strongly on the fabrication parameters [START_REF] Thijs | Fine-structured aluminium products with controllable texture by selective laser melting of pre-alloyed AlSi10Mg powder[END_REF]. As cracks are known to form more easily on highly disorientated grain boundaries, it is sensible to think that the grain structure has an impact on solidification cracking. Therefore, the role of the grain structure on the cracking density is to be discussed. Moreover, the effect of the overlap ratio on the cracking density observed in this study is not understood at this point.

Grain structure

It is known in casting and welding processes that solidification cracks appear preferably on high angle grain boundaries (HAGB) [25,[START_REF] Wang | Solidification cracking of superalloy singleand bi-crystals[END_REF][START_REF] Rappaz | Last-stage solidification of alloys: Theoretical model of dendrite-arm and grain coalescence[END_REF]. It has recently been observed on samples additively fabricated with EBM process [15], laser cladding [17] and SLM [8]. Therefore, it is legitimate to think that solidification cracking is highly dependent on the grain structure and that higher angle grain boundaries would result in a higher crack density. To investigate that hypothesis, the grain structure was observed in seven samples (Figure 9). Among the four samples with a linear energy 𝐸 𝑙1 = 0.24𝐽/𝑚𝑚 (green square dots), the sample with the minimal and the maximal overlap ratio are respectively noted 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑖𝑛 and 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑎𝑥 . Similarly, the samples with linear energy of 𝐸 𝑙2 = 0.37𝐽/𝑚𝑚 and 𝐸 𝑙3 = 0.64𝐽/𝑚𝑚 and with a minimal and maximal overlap ratio are noted 𝐸 𝑙𝑖 -𝜏 𝑅 𝑚𝑖𝑛/𝑚𝑎𝑥 . Sample 𝐸 𝑙4 corresponds to the additional sample with a minimal cracking density. It was mentioned before that the samples with low energy conditions (on the left of Figure 9) and with a high overlap ratio (on the top)

have fewer cracks. Looking at the figure, there is no evident qualitative correlation between the grain structure and the crack density. Indeed, the sample 𝐸 𝑙4 has smaller grains and as a consequence more grains boundaries. It has yet far less cracks than other samples. For further investigation, the grain boundary density function and grain size (major and minor axis of an ellipse fit) were calculated on the full 325 x 900 µm map (Figure 10). The grain boundary density function corresponds to the surface density of grain boundary (in mm/mm²) as a function of the misorientation angle. It is interesting to notice that the sample 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑎𝑥 exhibits a strong texture along the building direction, with all grains having a <001> crystallographic direction parallel to the building direction. This sample also has fewer grain boundaries with a high misorientation than sample 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑖𝑛 and is also less cracked. On the contrary, the sample 𝐸 𝑙4 is three times less cracked than the sample 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑎𝑥 , despite having more grain boundaries with high misorientation. Moreover, sample 𝐸 𝑙3 -𝜏 𝑅 𝑚𝑖𝑛 is about three times more cracked than the samples 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑖𝑛 , although it has less grain boundaries with a high misorientation angle, due to larger grains. Contrary to initial thought, the crack density is not correlated to the density of grain boundaries with a high misorientation.

The reason for this is that all samples have a density of highly misorientated grain boundaries (more than 20mm/mm² with an angle over 40°) which is far larger than the crack density (less than 3mm/mm²). Only a small proportion of these grain boundaries features cracks. It is also interesting to know if the grain size has an influence on the crack density. In aluminum alloys, it is known that small grains lead to a lesser solidification cracking susceptibility [START_REF] Mousavi | Effect of scandium and titanium-boron on grain refinement and hot cracking of aluminium alloy 7108[END_REF]. In the case of this study, the sample 𝐸 𝑙4 both features the smallest grain size and the smallest crack density. On the contrary, the grain size does not seem to explain the difference in crack density between samples 𝐸 𝑙1 and 𝐸 𝑙3 . The latter are far more cracked, despite having smaller grains, because it has larger melt pools, see Figure 8. As as conclusion, the grain size is thought to contribute to the crack density, on top of the contribution of the melt pool size. 

Overlap ratio

The effect of the overlap between melt pools has not yet been written about. Depending on the fabrication conditions (low or high linear energy), Carter et al. [9] measure either an increase or a decrease of microcracking with the hatching space. In this study, a decrease of the microcracking with hatching space was observed in any cases. During the fabrication of a layer, the material which is solidified in a melt pool is then partially remelted during the fusion of the adjacent melt pool. The more overlap, the more remelting. With an observation of the upper layer, it was noticed that cracks do not propagate again in the adjacent melt pool during its solidification (Figure 11.a). As a consequence, remelting repairs partially the cracks. It can be understood with Figure 11.b that a higher overlap will induce narrower cracks. Narrow cracks are likely to have a lower probability of propagation in higher fabrication layers, as it was observed in Figure 3. This provides a possible explanation for the effect of the overlap ratio on the cracking density. 

Conclusions

The goal of this study was to link the fabrication parameters, the geometry of the melt pools and the occurrence of solidification cracking. It was shown that larger melt pools lead to more microcracking. With the same melt pool width, more overlap leads to less cracking, which was attributed to a partial repair of cracks by remelting. These findings have made possible the fabrication of a dense and crack free material, by controlling the melt pool size combined with a control of the overlap ratio. The difference in cracking density is not a consequence of a difference in high-angle grain boundaries density, but can be partially explained by the grain size, with a beneficial effect of small grains. Beside this contribution and the contribution of the repair by remelting, the difference of cracking is thought to be mostly a consequence of the size of the mushy zone and the intensity of the mechanical stresses. As a conclusion, using narrow melt pools with a large overlap and parameters that produce fine grains are promising routes to suppress hot cracking in additively manufactured high performance Ni-based superalloys.

Introduction

Shaping hard metals with a laser beam is a complicated exercise. For years, precipitation hardening of nickel-base superalloys has been widely used in aerospace and energy sectors for the fabrication of parts with an exceptional high-temperature strength. Although these materials were initially designed for casting, there is today a strong industrial interest in being able to shape them with the laser beam melting (LBM) process. A reinforcement of the γ matrix by a volume fraction of γ'-Ni3(Al, Ti) precipitates between 40% and 80% is necessary for hightemperature properties [1,2], but this reinforcement unfortunately also increases the susceptibility of the materials to cracking during either their melting by a laser source or during further heat-treatments. Welding literature describes a typology of cracks that includes solidification cracking, ductility dip, liquation or strain age cracking [3][4][5][6]. There is today active research on the best way to fabricate defect-free parts using laser-based additive manufacturing processes.

In previous studies, microscopic solidification cracks were observed on samples produced by LBM with different alloys: IN738 LC [7,8], CM247 LC [9] and Hastelloy X [10,11]. These defects are problematical: only the ones located in the bulk of the material can be healed with a hot isostatic pressing (HIP) treatment, whereas surface cracks will remain open. Kunz, Etter, Grässlin and Shklover [12] reported that they were able to produce samples in IN738 LC for mechanical tests without cracks, with a HIP treatment. It was possible because the specimens were machined and thus the surface cracks were removed. Nevertheless, the scaled-up production of net shape parts with that solution is not possible.

A first possible solution to prevent cracking is to control or modify the alloy composition.

Several authors focused on the role of minor elements in various alloys. Engeli, Etter, Hövel and Wegener [7] processed by LBM with the same fabrication parameters eight batches with different compositions in the specification range of Inconel 738 LC. They calculated the correlation between the crack density and the composition in thirty-one minor elements. They concluded that there is a strong detrimental effect of elements Si and Pb. Cloots, Uggowitzer

and Wegener [8] measured the segregation profile of minor elements at grain boundaries after solidification and suggest an effect of Zr and B on cracking susceptibility. Tomus, Rometsch, Heilmaier and Wu [10] proposed that Si, Mn and C have a strong influence on solidification cracking of Hastelloy X. Chauvet et al. [13] observed the presence of phases rich in B at grain boundaries with a superalloy (Ti + Al=8.6 wt%) processed by Electron Beam Melting (EBM) and concluded in an important role of these phases. At this point, there is a general agreement on an effect of minor elements, but conclusions sometimes differ when it comes to ranking the effect of the different elements. Moreover, several authors underline that some minor elements (B and C) are useful for high temperature mechanical properties.

A second possible solution is an optimization of the fabrication parameters. Some studies investigate the effect of the fabrication parameters on solidification cracking. Carter, Attallah and Reed [9] noted a decrease in the cracking density of samples in CM247 LC when the scanning velocity of the laser beam was increased. They also observed an ambiguous role of the hatching space, which is the distance between two scanning tracks. Depending on the other fabrication parameters, an increase of the hatching space resulted either in more cracks or less cracks. In the same way, Cloots et al. [8] observed with a fixed laser power (𝑃 = 200𝑊) and a fixed hatching space that an increase of the scanning speed resulted in less cracks but also more porosity. He concluded that there is a necessary compromise between suppressing microcracking and having a dense material. To optimize the fabrication with the LBM process, it is worth remembering that the interaction of the laser beam with the powder bed creates a pool of liquid metal (melt pool), whose geometry depends very strongly on the fabrication parameters. This geometry is very important because it determines the solidification conditions [14] (solidification gradient 𝐺 and solidification velocity 𝑣 𝑆 ) at the origin of microstructures and defects as pores and solidification cracks. So far, no study has focused on the link between the shape or size of the melt pool and the microcracking phenomena. The objective of the present work is to elucidate the link between the process parameters, the geometry or size of melt pools and the occurrence of the defects. The main finding is that it is possible to simultaneously avoid cracks and obtain a dense material, by a control of the melt pool size combined with a control of the overlap between melt pools. The effect of the grain structure and of the mechanical stresses were also investigated. Although the work mainly focuses on Inconel 738 LC, the effect of the composition is discussed, based on a comparison with another material.

Experiments

Fabrication conditions

For the fabrication of the specimens, a gas-atomized IN738 LC powder was used with a composition given in Table 1. The particle size distribution is gaussian, with diameter 

Crack observation

The nature of the cracks was identified on the sample with 𝐸 𝑙 = 0.24𝐽/𝑚𝑚 and ℎ 𝑆 = 105𝜇𝑚.

The fabrication and observation conditions are detailed afterwards. After a midplane cut, Electron Back Scattered Diffraction (EBSD) was performed in a FEI Nova NanoSEM 450 with an EDAX Hikari EBSD camera. The acceleration tension was 20kV and the probe current was

10nA. An EBSD map of size 325 x 950 𝜇𝑚 was taken at the center of the top of the sample.

The data was analyzed using the OIM Analysis TM v7 software. Microscopic cracks are visible on Figure 2.a: they measure typically 100𝜇𝑚 and are mainly vertical and located at grain boundaries. The crack surface was examined after bending the sample up to failure, see Figure 2.b. Was used for observation, a Zeiss Gemini Sigma 300 Scanning Electron Microscope (SEM)

with an Everhart-Thornley secondary electron (SE) detector and an acceleration tension of 5kV.

Dendritic microstructures are visible on the fracture surface. This is a sign of the presence of residual interdendritic liquid when the crack was formed. As other authors have concluded, this material processed by LBM is subjected to solidification cracking [7,8,15]. 

Melt pool shape and size

The melt pools are revealed with a Glycerigia etching followed by an observation with an optical microscope, see Figure 3.a. The fabrication pattern is well visible on the image. Because of the 90° rotation of the scanning speed vector 𝑣 𝐿 ⃗⃗⃗⃗ between two fabrication layers, the cut shows transversal sections of the melt pools in a layer and longitudinal sections in the next layer.

A crack is visible: it initiates in a layer, transversally to a melt pool, and then propagates in several higher layers. As explained before, the objective of this study is to link the occurrence of these defects within the melt pool geometry on a large set of fabrication parameters. For that purpose, some characteristic dimensions of the melt pools (Figure 3.b) are measured in the top layer of the sample: the melt pool width 𝑊 𝑀𝑃 and the height of the remelting zone 𝐻 𝑅𝑍 .

Measures are taken on ten adjacent melt pools in the center of the sample. Let us note that a melt pool is never fully visible as it has been partially remelted by the following one. As a consequence, the half width on the left-side of the melt pool, which is always visible, was measured. Figure 3.c shows the evolution of 𝑊 𝑀𝑃 and 𝐻 𝑅𝑍 with respect to the linear energy 𝐸 𝑙 = 𝑃/𝑣 𝐿 (J/mm) and to the hatching space ℎ 𝑆 . In LBM process as in welding, it is common knowledge that melt pool size increases with respect to linear energy [16], up to the keyhole regime (vaporization), which is inappropriate for LBM. An effect of the hatching space on the melt pool dimensions was also observed, especially for high energy fabrication parameters (𝐸 𝑙 > 0.3𝐽/𝑚𝑚). The overlap ratio 𝜏 𝑅 depends both on 𝑊 𝑀𝑃 and ℎ 𝑆 : 

𝜏 𝑅 = 1 - ℎ 𝑆 𝑊 𝑀𝑃 Equation 2

Crack quantitative analysis and microstructure observation

For a quantitative analysis of cracks with the best statistical reliability, a cartography of the whole 10mm x 10mm midplane section of each cube was performed with a Keyens optical microscope. A polishing down to 0.04𝜇𝑚 colloidal silica finish enabled the detection of thin (1𝜇𝑚 wide) cracks and a good contrast necessary for image analysis. A processing with the software ImageJ allowed to distinguish the different types of defects (cracks and pores), with meticulous visual verification after the processing of every image. As a result, a crack density, that is to say a cumulative length of cracks per unit area (in mm/mm²), was calculated for every sample. In the same way, a fraction area of pores was evaluated. Microstructure observation was performed with a Zeiss Gemini Sigma 300 SEM and with an In-Lens secondary electron detector, after a Glycerigia etching.

Results

Cracking

The samples exhibit a very wide range of crack density: the most heavily cracked sample has a density of 3.5mm/mm² whereas the best sample is 18 times less cracked (0.2mm/mm²) and only features a few cracks on its sides. It confirms the very strong influence of fabrication parameters on cracking. Correlations between the crack density and criteria based on the process parameters (𝑃, 𝑣 𝐿 , ℎ 𝑆 , 𝐸 𝑙 , 𝐸 𝑉 = 𝑃/(𝑣 𝐿 . ℎ 𝑆 . Δ𝑍) 2 ) or based on the dimensions of the melt pools (𝑊 𝑀𝑃 , 𝐻 𝑅𝑍 , 𝐻 𝑅𝑍 /Δ𝑍, 𝐻 𝑅𝑍 /𝑊 𝑀𝑃 ) were investigated. The best correlation found is between the crack density and the hatching space ℎ 𝑆 , which is presented on Figure 4. The lesser the hatching space, the fewer cracks. To interpret this correlation, it is recalled that:

| ℎ 𝑆 = (1) (2) 𝑊 𝑀𝑃 × (1 -𝜏 𝑅 ), Equation 2
where 𝜏 𝑅 is the overlap ratio defined in Equation 1. This let us note two contributions for this trend:

3) Effect of the melt pool width 𝑊 𝑀𝑃 : the density of cracks decreases when the melt pools are narrower (𝑊 𝑀𝑃 is smaller). Given the result of Figure 3.c, this is equivalent to saying that the density of cracks decreases when the linear energy 𝐸 𝑙 decreases. On Figure 4, the red dots (stars) correspond to a superior linear energy (0.64J/mm) than the green dots (squares) and their crack density is about three times higher.

4) Effect of the overlap: at equal melt pool size, the crack density drops when the overlap between the melt pools rises. For example, the green dots (squares) all have a linear energy of 0.24J /mm and width 𝑊 𝑀𝑃 = 200 ± 10𝜇𝑚. Among these points, a higher overlap ratio 𝜏 𝑅 (i.e. a smaller hatching space ℎ 𝑆 ) leads to less cracking. The same trend is valid for blue dots (triangles) and red dots (stars). Following this finding, an additional sample was fabricated with a very low linear energy (𝐸 𝑙 = 0.09𝐽/𝑚𝑚) and a very low hatching space. As expected, it features the lowest crack density: 0.07mm/mm², with only a few cracks located close to the free faces of the cube.

Porosity

Porosity in samples has different origins. First, round pores were observed for high linear energies (𝐸 𝑙 > 0.45𝐽/𝑚𝑚). They are typical of keyhole porosity, caused by the vaporization of the metal [19]. Second, irregularities of the upper surface of the cubes known as humping phenomena [20] were observed at low and high scanning velocities ( 𝑣 𝐿 < 400𝑚𝑚/𝑠 and 𝑣 𝐿 > 1600𝑚𝑚/𝑠). These irregularities lead to an inhomogeneous powder bed thickness, so that the powder bed in some locations is too thick to be fully melted by the laser beam. This leads to a porosity called lack of fusion. Third, lack of fusion porosity also occurs when the overlap ratio between adjacent melt pools is too low, so that some amount of powder remain unmelted between them [18]. An example of pores resulting from keyhole regime and lack of fusion are visible on Figure 5.a. Figure 5.b represents the surface fraction of pores as a function of the overlap ratio, for the samples that were not affected by keyhole porosity or by upper surface irregularities. One can see that a relative density over 99.9% is achievable by using an overlap ratio over 0.4. Given Equation 1, the values of the hatching space ℎ 𝑆 suitable for the fabrication increase with 𝐸 𝑙 , as shown in Figure 1. Unlike the conclusion of Cloots et al. [8], it was possible to produce a sample with both a low cracking density and a low porosity. This is possible by decreasing not only 𝑃/𝑣 𝐿 , but also the hatching space ℎ 𝑆 in parallel (see Figure solidification, the critical values of 𝑓 𝑠 differ between authors. For example, Clyne and David suggested that the alloy is brittle when 𝑓 𝑠 is comprised between 0.9 and 0.99 [23]. With a high power, the thermal gradient is smaller, causing the mushy zone (i.e. with a temperature between liquidus and solidus) to be wider. Moreover, energy conservation says that the melt pool cross section is proportional to 𝐴. 𝑃/𝑉. In conditions of high energy, large melt pools result in a wider mushy zone, more sensitive to solidification cracking, in agreement with the results.

Although this tendency can be interpreted thanks to an analogy with welding literature, it is not sufficient to understand thoroughly the mechanisms at stake in the LBM process. First, the layer-by-layer fabrication produces grains structures which depend strongly on the fabrication parameters [25]. As cracks are known to form more easily on highly disorientated grain boundaries, it is sensible to think that the grain structure has an impact on solidification cracking.

Therefore, the role of the grain structure on the cracking density is to be discussed. Moreover, the effect of the overlap ratio on the cracking density observed in this study is not understood at this

Grain structure

It is known in casting and welding processes that solidification cracks appear preferably on high angle grain boundaries (HAGB) [22,26,27]. It has recently been observed on samples additively fabricated with EBM process [13], laser cladding [15] and LBM [8]. Therefore, it is legitimate to think that solidification cracking is highly dependent on the grain structure and that higher angle grain boundaries would result in a higher crack density. To investigate that hypothesis, the grain structure was observed in seven samples (Figure 9). Among the four samples with a linear energy 𝐸 𝑙1 = 0.24𝐽/𝑚𝑚 (green square dots), the sample with the minimal and the maximal overlap ratio are respectively noted 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑖𝑛 and 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑎𝑥 . Similarly, the samples with linear energy of 𝐸 𝑙2 = 0.37𝐽/𝑚𝑚 and 𝐸 𝑙3 = 0.64𝐽/𝑚𝑚 and with a minimal and maximal overlap ratio are noted 𝐸 𝑙𝑖 -𝜏 𝑅 𝑚𝑖𝑛/𝑚𝑎𝑥 . Sample 𝐸 𝑙4 corresponds to the additional sample with a minimal cracking density. It was mentioned before that the samples with low energy conditions (on the left of Figure 9) and with a high overlap ratio (on the top) have fewer cracks. Looking at the figure, there is no evident qualitative correlation between the grain structure and the crack density. Indeed, the sample 𝐸 𝑙4 has smaller grains and as a consequence more grains boundaries. It has yet far less cracks than other samples. For further investigation, the grain boundary density function and grain size (major and minor axis of an ellipse fit) were calculated on the full 325 x 900 µm map (Figure 10). The grain boundary density function corresponds to the surface density of grain boundary (in mm/mm²) as a function of the misorientation angle. It is interesting to notice that the sample 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑎𝑥 exhibits an orientated grain structure, with all grains having a 001 crystallographic orientation parallel to the building direction. As a consequence, this sample has fewer grain boundaries with a high misorientation than sample 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑖𝑛 and is also less cracked. On the contrary, the sample 𝐸 𝑙4 is three times less cracked than the sample 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑎𝑥 , despite having more grain boundaries with high misorientation. Moreover, sample 𝐸 𝑙3 -𝜏 𝑅 𝑚𝑖𝑛 is about three times more cracked than the samples 𝐸 𝑙1 -𝜏 𝑅 𝑚𝑖𝑛 , although it has less grain boundaries with a high misorientation angle, due to larger grains. Contrary to initial thought, the crack density is not correlated to the density of grain boundaries with a high misorientation. The reason for this is that all samples have a density of highly misorientated grain boundaries (more than 20mm/mm² with an angle over 40°) which is far larger than the crack density (less than 3mm/mm²). Only a small proportion of these grain boundaries features cracks. As a consequence, grain structure does not account for the difference between highly cracked samples and the ones without cracks. 

Mechanical stresses

In welding, solidification cracks are usually longitudinal [28]. It was observed in this study that the cracks always initiate transversally to the melt pool, which is conform to Cloots' observations [8]. As a consequence, the initiation of the cracks is caused by a tensile stress in the direction parallel to scanning direction (longitudinal stress). According to the Rosenthal model, the temperature gradient in the mushy zone is lower for large melt pools. One cannot say that a lesser gradient in this zone means less stress in this region. Indeed, Dye, Hunziker and Reed [29] show with thermomechanical simulations of IN718 welding that the mushy zone is constrained by its surroundings and notably by the heat affected zone. Tensile stress in the mushy zone is the result of differential thermal expansion between the mushy zone and the heataffected zone. They show that under high linear energy conditions, the contraction of the melt pool during solidification is not compensated by the expansion of the heat-affected zone, causing a tensile stress in the mushy zone. Although their study considers welding, it is compatible with our observation on the LBM process that there are more cracks when the material is processed with large melt pools.

Overlap ratio

The effect of the overlap between melt pools has not yet been written about. Depending on the fabrication conditions (low or high linear energy), Carter et al. [9] measure either an increase or a decrease of microcracking with the hatching space. In this study, a decrease of the microcracking with hatching space was observed in any cases. During the fabrication of a layer, the material which is solidified in a melt pool is then partially remelted during the fusion of the adjacent melt pool. The more overlap, the more remelting. With an observation of the upper layer, it was noticed that cracks do not propagate again in the adjacent melt pool during its solidification (Figure 11.a). As a consequence, remelting repairs partially the cracks. It can be understood with Figure 11.b that a higher overlap will induce narrower cracks. Narrow cracks are likely to have a lower probability of propagation in higher fabrication layers, as it was observed in Figure 3. This provides a possible explanation for the effect of the overlap ratio on the cracking density. for the René 77 (Table 1) and 13.9 at% for the IN738 LC. The two materials have therefore a similar position in common weldability diagrams [2,30]. The crack density was measured for five samples in René 77 using the same fabrication parameters as for IN738 LC. We can see on database. As in other studies [8,10,13,15] , it was considered that Gulliver-Scheil model (i.e.

infinite diffusion of chemical species in the liquid phase and no diffusion in the solid phase) is the best model available to describe rapid non-equilibrium solidification, although it does not account for possible solute trapping [31,32]. Table 2 gives for the two alloys the liquidus temperature 𝑇 𝑙 , the temperature for which the solid fraction is fs=0.9 and solidus temperature 𝑇 𝑠 (assimilated to fs=0.99). Freezing range Δ𝑇 = 𝑇 𝑙 -𝑇 𝑠 is larger for the Inconel 738 batch than for the René 77. The brittle temperature range Δ𝑇 𝐵𝑇𝑅 = 𝑇(𝑓 𝑠 = 0.9) -𝑇(𝑓 𝑠 = 0.99) estimated is 120°C for the batch of Inconel 738 and 91°C for the René 77, which explains the higher susceptibility of Inconel 738 to cracking. Let us note that the solid fraction limits of the BTR varies between authors, due to difficulties to measure it. Consequently, it was verified that Δ𝑇 𝐵𝑇𝑅 is larger for Inconel 738, according to the other definitions found in literature, such as 0.7 < 𝑓 𝑠 < 0.98 [29,33] or 0.95 < 𝑓 𝑠 < 1 [13].

𝑇 𝑙 (𝑓 𝑠 = 0) 𝑇(𝑓 𝑠 = 0.9) 𝑇 𝑠 (𝑓 𝑠 = 0.99) 𝛥𝑇 𝛥𝑇 𝐵𝑇𝑅

Inconel 738 1340°C 1147°C 1027°C 313°C 120°C René 77 1355°C 1216°C 1125°C 230°C 91°C

Table 2 -Gulliver-Scheil solidification calculation with Thermocalc software and TCNI9 database

There is an interest in understanding what differences in the alloy compositions (Table 1) cause the higher susceptibility to cracking of the samples in Inconel 738. On the one hand, this alloy 50 batch includes more Si and more Zr. Engeli et al. [7] reported a detrimental effect of Si and discussed the possible causes, among which an increase of the solidification interval. For Cloots et al. [8], segregation of Zr is the cause of an increase of solidification interval. On the other hand, the Inconel 738 batch contains also less B, which is according to Chauvet et al. [13] at the origin of a residual liquid film between grains at a low temperature, i.e. an increase of Δ𝑇 𝐵𝑇𝑅 . 

Conclusions

The goal of this study was to link the fabrication parameters, the geometry of the melt pools and the occurrence of solidification cracking. It was shown that larger melt pools lead to more microcracking. With the same melt pool width, more overlap leads to less cracking, which was attributed to a partial repair of cracks by remelting. These findings have made possible the fabrication of a dense and crack free material, by controlling the melt pool size combined with a control of the overlap ratio. The difference in cracking density could not be explained by a difference in high-angle grain boundaries density. As all samples have enough HAGBs, the difference of cracking is thought to be a consequence of the size of the mushy zone and of the intensity of the mechanical stresses. Finally, a comparison with René 77 confirmed the importance of the freezing range and the brittle range temperature on cracking susceptibility.

  The composition was measured by Inductively Coupled Plasma (ICP) for Cr, Co, Mo, W, Nb, Ta, Ti and Al, by ICP / Mass spectrometry (MS) for B, Cu, Fe, Si and Zr and by LECO combustion for C. The particle size distribution is gaussian, with diameter percentiles 𝐷 10 = 17𝜇𝑚 , 𝐷 50 = 28𝜇𝑚 , 𝐷 90 = 45𝜇𝑚 . The specimens are 10mm cubes, fabricated using a Concept Laser M2 machine. They were built on a plate in IN625 on a 2mm height of lattice supports in order to facilitate cutting after fabrication. All the samples have in common the following fabrication parameters: a layer thickness ΔZ = 40μm, a laser beam 1/𝑒 2
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 1 Figure 1 -Fabrication parameters : (a) schematic representation of primary process parameters ; (b) values of parameters used in this work.

Figure 2 -

 2 Figure 2 -Solidification cracking of an Inconel 738 sample processed by SLM: (a) microscopic vertical cracks located at grain boundaries, (b) dendritic microstructure visible on the crack surface, sign of residual liquid during the cracking, (c) nanoporositybetween the dendrite arms visible on another crack surface of the sample.

3. 2 .Figure 3 .

 23 Figure 3.a shows the melt pools observable with the optical microscope after etching. The
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 3 Figure 3 -(a) Initiation of a solidification crack transversally to the melt pool and propagation in higher layers ; (b) Some geometrical features of melt pools ; (c) Melt pool width 𝑊 𝑀𝑃 and remelted zone height 𝐻 𝑅𝑍 as a function of linear energy 𝐸 𝑙 = 𝑃/𝑣 𝐿 and hatching space ℎ 𝑆 .

Figure 5 -

 5 Figure 5 -(a) Keyhole porosity and lack of fusion porosity on samples; (b) Relation between the overlap ratio and the surface fraction of pores. The samples affected by keyhole or humping phenomenon are not represented on the graph.
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 6 Figure 6 -Microstructure on one of the samples (0.24J/mm) observed with a SEM In Lens SE Detector.
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 7 Figure 7 -Solidification cracking mechanism, adapted from Dantzig and Rappaz [25] : 𝑇 𝑙 is the liquidus temperature, 𝑇 𝑠 the solidus temperature and 𝑣 𝑠 the liquidus isotherm velocity.
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 8 Figure 8 -Correlation between extent of mushy zone and the crack density: (a) Thermal field on a longitudinal section of the melted pool, according to Rosenthal model (𝐸 𝑙 = 0.24𝐽/𝑚𝑚). The extent of the mushy 𝐿 is plotted as a function of x; (b) Correlation between the maximal extent of the mushy zone 𝐿 𝑚𝑎𝑥 according to Rosenthal and the crack density.
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 92410 Figure 9 -Grain structure of samples with different fabrication parameters.

Figure 11 -

 11 Figure 11 -Effect of overlap on crack repair : (a) cracks visible on the upper layer of a sample (top view) ; (b) partial repair of cracks by remelting.

percentiles 𝐷 10 =

 10 17𝜇𝑚 , 𝐷 50 = 28𝜇𝑚 , 𝐷 90 = 45𝜇𝑚 . The specimens are 10mm cubes, fabricated using a Concept Laser M2 machine. They were built on a plate in IN625 on a 2mm height of lattice supports in order to facilitate cutting after fabrication. All the samples have in common the following fabrication parameters: a layer thickness ΔZ = 40μm, a laser beam 1/𝑒 2 diameter 𝜙 𝐿 = 100μm and a bidirectional scanning pattern with a rotation of 90° of scanning direction between each layer (Figure1.a). This scanning pattern was chosen to facilitate observation of the melt pools. The variable parameters are the laser power 𝑃 (85 -370W), the scanning speed 𝑣 𝐿 (380 -1600mm/s) and the hatching space ℎ 𝑠 (75 -195𝜇𝑚). Figure1.b represents graphically the value of the fabrication parameters in a coordinate reference (𝑣 𝐿 /𝑣 L 𝑚𝑎𝑥 , P/P 𝑚𝑎𝑥 ) , and in a reference (𝐸 𝑙 , ℎ 𝑆 ) , where 𝐸 𝑙 = P / 𝑣 𝐿 is the linear incident energy on the powder bed. The dots noted with squares, triangles or stars correspond to pairs (𝑃, 𝑣 𝐿 ) that have been used with several values of the hatching space. On the graph on the right, an increase in hatching space as a function of the linear energy is visible. This choice, based on previous experience, will be discussed further in the article.
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 12 Figure 12 -Fabrication parameters : (a) schematic representation of primary process parameters ; (b) values of parameters used in this work.

Figure 13 -

 13 Figure 13 -Solidification cracking of an Inconel 738 sample processed by LBM: (a) microscopic vertical cracks located at grain boundaries, (b) dendritic microstructure visible on the crack surface, sign of residual liquid during the cracking.
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 14 Figure 14 -(a) Initiation of a microcrack transversally to the melt pool and propagation in higher layers ; (b) Some geometrical features of melt pools ; (c) Melt pool width 𝑊 𝑀𝑃 and remelted zone height 𝐻 𝑅𝑍 as a function of linear energy 𝐸 𝑙 = 𝑃/𝑣 𝐿 and hatching space ℎ 𝑆 .

Figure 15 -

 15 Figure 15 -Effect of fabrication parameters on the crack density.

  1.b), to obtain a sufficient overlap (𝜏 𝑅 = 40% ) and thus a low porosity. For example, the additional sample which features the minimal microcracking density also has a relative density over 99.9%.

Figure 16 -

 16 Figure 16 -(a) Keyhole porosity and lack of fusion porosity on samples; (b) Relation between the overlap ratio and the surface fraction of pores. The samples affected by keyhole or humping phenomenon are not represented on the graph.

Figure 18 -where

 18 Figure 18 -Solidification cracking mechanism, adapted from Dantzig and Rappaz [22] : 𝑇 𝑙 is the liquidus temperature, 𝑇 𝑠 the solidus temperature and 𝑣 𝑠 the liquidus isotherm velocity.

Figure 19 -

 19 Figure 19 -Grain structure of samples with different fabrication parameters.

Figure 20 -

 20 Figure 20 -Grain size of the samples (a) and grain boundary density function (b).

Figure 21 -

 21 Figure 21 -Effect of overlap on crack repair : (a) cracks visible on the upper layer of a sample (top view) ; (b) partial repair of cracks remelting.

Figure 22 that

 22 Figure 22 that René 77 has a lower susceptibility to solidification cracking than IN738 LC. As

Figure 22 -

 22 Figure 22 -(a) Difference of solidification cracking susceptibility between IN738 LC and René 77 ; (b) cracks surface of samples bend up to failure.

  

Table 1 -

 1 Weight composition in percent of Inconel 738 LC.

	Cr Ni Co Mo	W	Nb	Ta	Ti	Al	B	C	Fe	Si	Cu	Zr
	16.1 Bal 8.82 1.78 2.61 0.85 1.75 3.37 3.46 0.01 0.10 0.05 0.048 0.001 0.063

Table 2 -

 2 Value of the slope a, the intercept b and the determination coefficient R² of linear regressions between the crack density different explanatory variables.

  𝐸 ̇ is the cumulative average deformation rate of the solid, defined as 𝐸 ̇= ∫ 𝑔 𝑠 𝜖ṡ , 𝑥 1 𝑥 1 (𝑧 1 )𝑑𝑧 1

	𝑧 1
	0

Table 3 -

 3 Weight composition in percent of Inconel 738 LC and René 77 35

This criterion corresponds to a volumetric energy density (𝐽/𝑚𝑚 3 ), often used in the SLM process[19,20].

This criterion corresponds to a volumetric energy density (𝐽/𝑚𝑚

), often used in the LBM process[17,18].
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Microstructure

The as-built specimens exhibit a very thin microstructure (Figure 6), with a primary dendrite arm spacing (PDAS) 𝜆 1 ~ 600𝑛𝑚 and TiC carbides in interdendritic regions with a size inferior to 200nm, as observed in Ref. [21]. Despite a composition rich in 𝛾′-forming elements (Al+Ti+Ta+Nb >13% at), potential 𝛾′ precipitates are too small to be visible with a 50 000 magnification and the In-Lens detector. 

Discussion

Solidification cracking mechanism

In casting and welding processes, solidification is known to occur under two necessary conditions: mechanical stresses in the mushy zone and insufficient liquid feeding in a brittle temperature range (BTR), at the end of solidification (see Figure 7), between two characteristic values of solid fraction 𝑓 𝑠 . In the corresponding temperature range, the solid dendritic network is coherent [22], allowing mechanical stresses to be transmitted . A tensile stress between grains can still separate them, because a liquid film between them remains. If the available liquid pressure is not high enough, the separation causes a rupture of the liquid film and then a crack to appear. Despite the general agreement that the brittle temperature range is close to the end of where 𝐺 and 𝑣 𝑆 are the thermal gradient and the solidification speed, 𝜇 𝑙 is the viscosity, 𝛽 = (𝜌 𝑠 -𝜌 𝑙 )/𝜌 𝑙 is the solidification shrinkage, 𝜌 𝑠 and 𝜌 𝑙 are the density of the solid phase and of the liquid phase, 𝜏 is the tortuosity of the dendritic network in the mushy zone, 𝑛 is the number of interdendritic channels per unit area and Δ𝑇 is the freezing range. In addition to the effect of Δ𝑇, Lecomte-Becker also discusses the role of some chemical elements on the tortuosity 𝜏 of the dendritic network in the mushy zone. For example, titanium increases tortuosity more than aluminum and therefore decreases the permeability of the mushy zone. A higher ratio (𝑇𝑖 + 𝑇𝑎 + 𝑁𝑏)/𝐴𝑙 [35] for Inconel 738 LC (0.6 at% / at%) compared to René 77 (0.4 at% / at%) could then contribute to a higher tortuosity and then a lack of liquid metal feeding in the last stages of solidification. Zhang and Singer [33] describe a possible role of carbides, which solidify in the interdendritic channels and then also reduce the permeability of the mushy zone. This phenomenon is also discussed by Xu et al. [15]. Due to the higher content of C and of Nb in Inconel 738, primary (Ti, Nb)C carbides form earlier the mushy zone (𝑓 𝑠 = 0.37 for Inconel 738 and 𝑓 𝑠 = 0.68 for René 77). It is possible that they also play a role in the cracking susceptibility difference. In fact, it is difficult with a comparison between two alloys to distinguish between the role major elements and the role of minor elements. It is very likely that the content in major elements does have a role in the difference of behavior between these two alloys, in spite of the additional effect of minor elements. This issue is the object of a current study.