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Abstract

:

The detrimental effect of nitrogen and oxygen when it comes to the precipitation of the strengthening γ’’ and γ’ phases in Alloy 718 is well-known from traditional manufacturing. Hence, the influence of the two processing atmospheres, namely argon and nitrogen, during the laser powder bed fusion (L-PBF) of Alloy 718 parts was studied. Regardless of the gas type, considerable losses of both oxygen of about 150 ppm O2 (≈30%) and nitrogen on the level of around 400 ppm N2 (≈25%) were measured in comparison to the feedstock powder. The utilization of nitrogen as processing atmosphere led to a slightly higher nitrogen content in the as-built material—about 50 ppm—compared to the argon atmosphere. The presence of the stable nitrides and Al-rich oxides observed in the as-built material was related to the transfer of these inclusions from the nitrogen atomized powder feedstock to the components. This was confirmed by dedicated analysis of the powder feedstock and supported by thermodynamic and kinetic calculations. Rapid cooling rates were held responsible for the limited nitrogen pick-up. Oxide dissociation during laser–powder interaction, metal vaporization followed by oxidation and spatter generation, and their removal by processing atmosphere are the factors describing an important oxygen loss during L-PBF. In addition, the reduction of the oxygen level in the process atmosphere from 500 to 50 ppm resulted in the reduction in the oxygen level in as-built component by about 5%.
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1. Introduction


Additive manufacturing (AM) of Alloy 718, a precipitation-strengthened nickel–iron superalloy, has gained a lot of attention since it offers the possibility to produce complex components with high-temperature mechanical and chemical resistance. The precipitation of the intermetallic γ’’ phase (Ni3Nb), in addition to that of the γ’ phase, in the austenitic γ matrix confers most of its strength [1]. Until now, Alloy 718 has been preferably produced following the traditional ingot–metallurgy processing route for superalloys, including vacuum induction melting and electroslag refining and/or vacuum arc melting [2], followed by homogenization, forging, and machining to final dimensions. It is known that Alloy 718 is a difficult-to-machine material because of its high strength at elevated temperatures, its low thermal conductivity, high ductility, and critical work hardening [3]. Therefore, the adoption of a near-net shape manufacturing approach such as laser powder bed fusion (L-PBF), allowing to reduce the extent of required machining, is promising. However, many challenges are to be addressed to make L-PBF an economically viable manufacturing route for Alloy 718.



Considerable research efforts are put by the AM community into studying the process-microstructure-properties relationships of Alloy 718 produced as such [4,5]. Alloy 718 components built by L-PBF in the as-built state typically exhibit a dendritic microstructure without the presence of the main strengthening phases γ’’ and γ’, and with Laves and MC carbides in the interdendritic regions [6]. The fine dendrite arm spacing (order of hundreds of nanometers [7]) explains its high strength in the as-built state (yield strength of about 1200 MPa [6]). However, the absence of the strengthening phases in as-built conditions makes it unsuitable for intended applications at elevated temperatures, and hence, post-L-PBF heat treatment has to be applied, where extensive focus research is placed as well [6,8,9,10].



Among the many challenges to tackle, the understanding of the sensitivity of Alloy 718 to the nitrogen and oxygen pick-up during L-PBF processing is of paramount importance for assuring robust fabrication of the high-performance components, with tight requirements for interstitials content. It has already been put in evidence that Alloy 718 powder undergoes significant selective oxidation during electron beam melting (EBM) with the formation of Al-rich oxides [11]. Gruber et al. [12] revealed that the degradation of the used powder and its recycling was associated with the increased presence of oxide inclusions and related lack-of-fusion defects in the as-built material. Recent work by authors with focus on the in-depth characterization of the powder degradation during L-PBF of Alloy 718 highlighted the development of Al and Cr oxide patches on the spatters when using Ar as the processing atmosphere, in addition to the thin Ni oxide layer characteristic of the feedstock powder [13]. It was shown that spatter particles picked up more than 300 ppm of oxygen from the process atmosphere after one processing cycle. These investigations highlight the sensitivity of Alloy 718 powder to the AM process conditions and particularly to the residual oxygen. It has already been established that the properties of alloys such as Ti-6Al-4V, which is characterised by higher sensitivity to oxygen and known to be prone to oxygen dissolution, are very strongly impaired when produced by L-PBF if the residual oxygen is not monitored properly [14,15], while other alloys such as 316L stainless steel are more robust in this respect [16,17]. This underlines the importance of the analysis of the sensitivity of specific alloys to oxygen and nitrogen pick-up and hence powder degradation, and its effect on defect characteristics and the final mechanical properties of as-built material. Thus, it is of interest to evaluate the response of Alloy 718 to different residual oxygen levels and to nitrogen as process atmosphere.



In addition, as for many aerospace applications, AM parts undergo post-AM hot isostatic pressing (HIP) to assure a minimum level of defects [18]. The application of nitrogen as the process gas during L-PBF is of interest, as nitrogen has higher solubility in the matrix than argon and hence can minimize/avoid the risk of porosity re-growth during post-HIP heat treatment and/or application.



In the present work, high-purity argon and nitrogen were used to establish the L-PBF process atmospheres to build Alloy 718 parts, while the residual oxygen level in the process chamber was precisely controlled. The effect of the two gases, argon and nitrogen, and different oxygen levels on the composition, hardness, and microstructure of the Alloy 718 in the as-built state was evaluated.




2. Materials and Methods


An EOS M290 (EOS GmbH) L-PBF machine with a build envelope of 250 × 250 × 325 mm3 was used to produce the material investigated in this study. This system is equipped with a Yb-fiber laser of nominal maximum power of 400 W. Gas atomized Alloy 718 powder provided by Höganäs AB (Sweden), with particle sizes in the range of 15 to 45 µm was employed as the feedstock material to build cubes of dimensions 10 × 10 × 15 mm3 with the standard parameters developed by the machine manufacturer with a 40 µm layer thickness (under the license IN718_PerformanceM291 2.11). The oxygen and nitrogen contents of the as-received powder are listed in Table 1.



High-purity technical Argon 5.0 and Nitrogen 5.0, with less than 10 ppm impurities, were used to establish the process conditions. The residual oxygen in the process atmospheres in the process chamber of EOS M290 was controlled by an external oxygen monitoring system, the ADDvanceO2® precision (Linde GmbH), details concerning the operating principle of which can be found elsewhere [16,19]. This device samples gas from the vicinity of the baseplate and uses the signal from an electrochemical sensor, which does not exhibit cross-sensitivity to hydrogen and its species, to adjust the incoming flow of fresh gas. The system also features a lambda probe to monitor rapid oxygen variations. In the present work, the ADDvanceO2® precision was set to control the residual oxygen level to 50 ppm O2 and 500 ppm O2 in both argon and nitrogen atmospheres.



For each atmosphere and oxygen level, three cubes were built. These were removed from the baseplate and mounted in resin to observe their cross-section along the building direction. Then, the samples were ground and polished until a final step with silica suspension to achieve mirror finish. The relative porosity was measured using a light optical microscope (LOM) ZEISS Axioscope 7 on the polished cross-sections of studied cubes, and the software ImageJ was used to obtain the area fraction of pores [20]. The Vickers hardness HV1 (1 kgf) was measured with a DuraScan system (Struers), and the reported values correspond to the average from at least five indentations evenly distributed on the cross-sections. The microstructures were revealed after electro-chemical etching in a 10% oxalic acid solution using a platinum counter cathode with a potential of 6V and studied using a field-emission gun scanning electron microscope (Leo Gemini 1550 SEM), equipped with an energy-dispersive X-ray spectrometer (EDS) INCA X-sight. The contents of oxygen and nitrogen in the bulk of the cubes were measured by combustion analysis with a LECO ON836 (LECO) instrument.



X-ray diffraction (XRD) was conducted on the cubes using a PANalytical X’Pert PRO (Malvern Panalytical) diffractometer with Cu Kα radiation operated at 45 kV and 40 mA. The diffraction angle was varied from 30° to 100°. The XRD results were evaluated using the DIFFRAC.EVA (Bruker) software and the PDF-4+ 2020 database.



The software Thermo-Calc 2021a (Thermo-Calc Software AB) and the TCNI10 (Ni-Alloys v10.0) database were used to calculate the phase diagram for Alloy 718 and nitrogen. The precipitation module Prisma was also employed using the TCNI10 and MOBNI5 (Ni-Alloys Mobility v5.1) databases to calculate nitride precipitation in Alloy 718.




3. Results


3.1. Chemistry and Hardness


Table 1 lists the oxygen and nitrogen contents of the virgin Alloy 718 powder and as-built samples produced in argon and nitrogen atmospheres, and their corresponding Vickers hardness. First of all, regardless of the process gas, significant oxygen and nitrogen losses, of about 150 ppm O2, meaning almost ≈30%, and 400 ppm N2 (≈25%), were detected from the virgin feedstock powder to the as-built material. Oxygen loss from the powder to the component has already been reported for other materials such as 316L stainless steel in several studies [16,17], and it was attributed to the elimination of oxygen bound to the surface of the powder particles and to an important transfer of oxygen to condensates and spatters. Our earlier work also showed that reduced sample thickness for 316L stainless steel can lead to reduced oxygen loss, which is associated to heat accumulation [17]. However, for 316L stainless steel, the nitrogen is typically mostly transferred from the powder to the bulk of the material [16], and it can even be 50 to 100 ppm higher in the bulk (close to 10% increase). This highlights interesting differences between these two materials when exposed to the L-PBF conditions, which is assumed to be connected to the lower solubility of nitrogen in the austenitic γ matrix in case of Alloy 718 compared to iron matrix in case of 316L stainless steel [21,22].



From Table 1, it can be seen that the oxygen loss was slightly enhanced when decreasing the residual oxygen in the process chamber. In addition, the nitrogen concentration is higher—about 50 ppm or 5% more—for the samples produced under nitrogen compared to the argon samples. This suggests that the higher nitrogen partial pressure limited the nitrogen loss. Despite the reported difference in nitrogen content, the hardness does not vary significantly between the samples. As reported by Cockcroft et al. [23] and A. Mitchell [24], the solubility of nitrogen in wrought Alloy 718 is low and can be calculated to be about 38 ppm at 1700 K and increases up to 620 ppm at 2000 K, suggesting that nitrogen is mostly present as nitrides or supersaturating the matrix in the studied samples.




3.2. Microstructure


The analysis of the polished cross-sections highlighted that both gases allow achieving high density (>99.9%), and no defects such as porosity or cracks were detected. Upon etching, the typical microstructure obtained for Alloy 718 produced by L-PBF in the as-built state was revealed; see Figure 1a. The solidification of the γ matrix is associated with the segregation to the liquid of elements with low solubility in the matrix such as Nb, Mo, and Ti. As a result, upon further cooling, Laves and carbides are generally formed in the interdendritic regions, and they can be distinguished by their brighter contrast in Figure 1a. Higher magnification micrographs (×10k) were used to measure the primary dendrite arm spacing (PDAS) of the obtained microstructure. The PDAS varied in a range from 500 to 700 nm, regardless of the process atmosphere, suggesting that the processing gas did not have a significant influence on the solidification conditions for Alloy 718.



Figure 1 also displays examples of the precipitates, which were found sporadically in the γ matrix on the cross-section of the as-built cubes. Figure 1a shows Ti-rich nitrides with sharp edges analyzed by EDS mapping, which were typically observed with size in the order of tens of microns. These nitrides are sometimes seen accompanied by spherical Al-rich oxides. Some independent spherical Al-rich oxides of a few micrometres in diameter were also identified by point EDS; see Figure 1b. Finally, larger clusters of these nitrides have been observed; see Figure 1c. Such inclusions exhibiting hexagonal faceting have already been reported by Cockcroft et al. [23] for wrought Alloy 718, who mentioned that the seen Al-rich oxides might also contain Mg and that the titanium nitrides further act as nucleants for carbides [23,25]. Finer Ti-/N-rich precipitates have also been identified, with sizes up to hundreds of nanometres, which are located preferably at the interdendritic regions; see Figure 2. These tend to have more irregular shapes than the faceted micron-sized nitrides.



Due to the large size of the observed faceted nitrides, it is assumed that they are inherited from the powder feedstock. Since their melting point is estimated to be above 2900 °C [26], they are likely unaffected during L-PBF processing. Furthermore, the cross-section of the feedstock metal particles allowed to highlight the presence of bulky nitrides as well as finer ones distinguishable on the polished matrix with their darker contrast; see Figure 3.




3.3. X-ray Diffraction


Figure 4 shows the XRD patterns of the cubes produced under argon. The main peaks of the γ matrix have a high intensity. The close-up on the pattern at low angles suggests that the peak position, intensity, and width of the matrix and secondary phases are similar among the samples produced with different residual oxygen levels under argon. Similar conclusions were derived from the patterns of the cubes produced under nitrogen. Finally, the patterns of the samples produced under argon and nitrogen are very comparable considering the diffraction peaks of the matrix and secondary phases; see Figure 4 and Figure 5.



Figure 5a displays the XRD pattern of the feedstock virgin Alloy 718 powder and the cube produced under nitrogen with 50 ppm O2. Peaks at about 37.8° and 41.3° are noted for both, suggesting a transfer of the corresponding phase(s). Reviewing the PDF database allows pointing out candidates for these peaks; however, it should be stressed that correct identification would require additional matching peaks and confirmation using complementary techniques, e.g., transmission electron microscopy (TEM). The pattern of Ti2N with PDF 01-080-3438 features peaks at approximately 36.8°, 37.5°, and 41°. Other candidates with close peaks are nitrides rich in Cr and Nb such as CrNbN and MoNbN. Carbides such as TiC also have a peak close to 41.7°. Therefore, it appears difficult to distinguish possible nitrides from for example mixed MC carbides. Indeed, MC carbides were shown to be very fine and present in the interdendritic regions in as-built Alloy 718 by Gallmeyer et al. [27] using STEM with EDS.



The produced samples feature additional peaks: a broad peak over the range between 35° and 37° and a narrower peak at about 42.5°. The absence of these peaks in the powder suggests that it is either new or transformed product(s) from L-PBF processing. As mentioned above, Ti2N has a peak at 36.8°. Other candidates such as TiN (PDF 00-038-1420) and TiN0.9 (PDF 00-031-1403) exhibit peaks at about 36.7° and 42.6°. It appears that C0.4N0.7Ti (PDF 00-042-1488) also has peaks at 36.5° and 42.3°. The lower angle diffraction peak appears rather broad and asymmetric, suggesting the possible overlap of different phases. From the database, an enrichment in carbon of the nitrides is again suspected, when for instance considering C0.7N0.3Ti (PDF 00-042-1489) with a peak at 36.2° and TiC (PDF 00-031-1400) with a peak at 35.9°. Hence, it can be concluded that the low-intensity peaks observed between 35° and 42.5° suggest the potential presence of mixed MC carbides and/or carbonitrides, the proper identification of which requires detailed study using e.g., TEM or atom probe tomography (APT) and was outside the scope of this work.





4. Discussion


Nitride and oxide inclusions of similar morphologies were identified in the produced material and the feedstock powder and support their transfer during L-PBF. Slight differences between the XRD patterns of the as-built material and of the powder suggest that possibly nitrides undergo some limited compositional or structural changes during L-PBF processing. From Figure 1c, it can be assumed that coarse nitrides possibly agglomerate under the melt pool convection. Overall, their distribution appeared homogeneous in the built volume, regardless of the process atmosphere or its purity.



The observation of the cross-section of the uppermost region of the cubes highlights an accumulation of inclusions at the top of the last deposited layer; see Figure 6a. The direct examination of the top surface reveals the important presence of oxides at the peripheries of the melt tracks; see Figure 6b. Line scan EDS on the top surface further confirms the presence of Al-rich oxides and Ti-rich nitrides in these regions; see Figure 7a. The EDS mapping over a nitride precipitate uncovers the additional presence of oxide patches enriched in Ni and Cr, possibly of spinel type; see Figure 7b. These oxide features were also observed on the top surface of the cubes.



Such accumulation of inclusions has already been reported for Alloy 718 produced by other AM processes. Gruber et al. [28] revealed the transport and accumulation of oxide and nitride inclusions, which cluster in the liquid metal, at the top and side surfaces of components built by EBM. As a result, a refining effect was proposed explaining almost a 50% reduction in oxygen content in the EBM-produced compact compared to the feedstock powder, which is valid even in case of powder re-use after 30 cycles [28]. It should be emphasized that TiN and Al2O3 are expected to float in the liquid metal because of their low densities in comparison to the metal matrix (i.e., TiN: 5.4 g/cm3, Al2O3: 4.0 g/cm3, Alloy 718: 8.2 g/cm3) [26]. However, as suggested by Polonsky et al. [29], the rapid cooling and solidification rates during AM processing will tend to limit the effect of buoyancy, and instead, the Marangoni flow is more likely to be responsible for the displacement and clustering of the inclusions. As shown by Gruber et al. [28], strong oxide accumulation on the top of the specimen and specimen contour regions makes chemical analysis of the EBM-fabricated compacts very sensitive to the sampling of the specimens for chemical analysis. Since the chemistry reported in Table 1 was measured in samples extracted from the bulk without surfaces, additional analyses were conducted to measure the oxygen content close to the surfaces, by cutting and analyzing separately the side and top surfaces of the Argon 500 ppm O2 cube. The results highlight an oxygen level for the top and side surfaces of 20 ppm more compared to the bulk measurements reported in Table 1 (only 6% increase). Therefore, the accumulation of inclusions is only slightly contributing to the oxygen loss from powder to the component. Nitrogen was analyzed in a similar manner for the surfaces and appeared comparable to the bulk measurements.



All the Alloy 718 samples produced by L-PBF have a nitrogen content reduced by approximately 25% in comparison to the feedstock powder (e.g., from 1495 ppm N2 in the powder to 1142 ppm N2 in the cube produced under nitrogen and 500 ppm O2). Since the nitrogen content appeared unchanged between the bulk and the surfaces, it is proposed that nitrogen could be lost during melting while L-PBF processing. It should be underlined again that nitrogen solubility in Alloy 718 is low. Figure 8 displays the phase diagram of Alloy 718 in dependance on nitrogen content calculated with Thermo-Calc 2021a software and the TCNI10 database. The phase diagram confirms that the solubility of nitrogen in solid Alloy 718 is very low (approximately 0.0005 wt % at 1000 °C), and it is the highest in the liquid phase. Overlaid are four isobars showing the equilibrium nitrogen concentration and phase(s) at a given temperature. The highest nitrogen pressure of 1 bar corresponds to a nitrogen-rich L-PBF environment (e.g., 100% N2). A pressure of 0.78 bar corresponds to the nitrogen partial pressure of air. Finally, 0.002 bar correspond to the nitrogen partial pressure of an L-PBF environment established by purging the initial air with argon, until achieving 500 ppm O2, and also resulting in the dilution of other impurities including nitrogen (keeping its initial ratio with oxygen of about 4). At high temperatures, about 2000 °C, and under thermodynamic equilibrium, the melt contains 0.1 wt % (1000 ppm) nitrogen under 1 bar of N2 compared to only 0.003 wt % (30 ppm) under 0.002 bar of N2 when using Ar as the main process gas. However, because of the rapid cooling conditions during L-PBF (approximately 107 K/s [13]), the melt pool lifetime is very limited. Still, the calculated phase diagram allows pointing out that the nitrogen equilibrium concentration is higher for high nitrogen pressure (e.g., at 1100 °C, approximately 2.5 wt % N2 for 1 bar, and 0.5 wt % N2 for 0.002 bar). This could explain the slightly reduced nitrogen loss in the samples produced under nitrogen gas. The presence of Nb- and Ti-rich carbonitrides is predicted by the thermodynamic calculation. In general, the lower nitrogen levels obtained in the built cubes compared to those expected from Figure 8 can be explained by the rapid cooling of the deposited material.



In order to explain the origin of the coarse nitride inclusions observed in Figure 1, additional precipitation calculations with Thermo-Calc precipitation module Prisma, using the TCNI10 (Ni-Alloys v10.0) and MOBNI5 (Ni-Alloys Mobility v5.1) databases, were performed and clearly show that nitride precipitation during L-PBF is expected to be very limited and thus not probable. Calculations for the high cooling rates experienced during L-PBF are not yet possible/reliable, and therefore, cooling of the γ phase (containing 0.01 wt.% of N) from 1400 to 900 °C with a rate of 10 °C/s was instead considered. Bulk nucleation of spherical morphology nitrides was selected, and an interfacial energy of 0.4 J/m2 was defined. The achieved precipitate volume fraction is very low, i.e., approximately 0.005 after 50 s. Figure 9 displays the calculated resulting number density distribution of precipitates (i.e., number of particles per unit volume) as a function of their size. It can be seen that even for this cooling rate, several order of magnitude lower than those experienced during L-PBF, a very small fraction of nitrides may form, of submicron size. It should be underlined that these calculations are very sensitive to the used interfacial energy. Herein, it was taken as the mean interfacial energy derived from the calculated property model considering the matrix and the nitride phases for the considered temperature range.



The presented results are promising, since the microstructure and hardness of the material produced under nitrogen, which is an abundant gas, are similar to those of the material produced with traditional argon. It should be underlined that the use of nitrogen as process gas could be preferred over that of argon, for example, to enhance effective pore closure during HIP, and thus be used in strategies to increase process productivity. Indeed, it has been shown that some materials used at high temperatures can be sensitive to thermally induced porosity (TIP) [30,31], which is the pore regrowth under high internal pressure, when the gases inside the defects have a low solubility in the material (such as argon). Finally, the possible use of nitrogen to control the L-PBF material composition should be further investigated and considered as a function of laser parameters, melt pool size, and its lifetime. Conducting a similar work as the presented one, with the virgin feedstock powder of lower oxygen and nitrogen contents, would also complete the current understanding of impurities and inclusions transfer occurring during L-PBF of Alloy 718.




5. Conclusions


The present work gives insight into the transfer of impurities and inclusions such as nitrides and oxides from the powder feedstock to the produced components during L-PBF of Alloy 718. In addition, both tested process gases, argon and nitrogen, allowed producing high-density material using the standard laser parameters developed by the machine manufacturer, which is promising for the study, and the development of more complex gas mixtures for L-PBF. The following conclusions from the investigations could be drawn:




	
Processing of Alloy 718 powder under both argon and nitrogen resulted in the nitrogen loss of about 25% (≈400 ppm) in comparison to the feedstock powder. High-purity nitrogen led to a slightly reduced nitrogen loss from the powder to the deposited material, with about 50 ppm (5%) higher N2 compared to the material produced under argon. This is explained by the increased nitrogen solubility for higher nitrogen partial pressure as calculated with Thermo-Calc.



	
Using both high-purity argon and nitrogen led to about 30% loss in oxygen compared to the powder feedstock. Reducing the residual oxygen in the process atmosphere from 500 to 50 ppm during L-PBF processing resulted only in a slight decrease in the oxygen content in the part in the range of 10 to 30 ppm O2.



	
Micron-sized nitrides and Al-rich oxide inclusions and their clusters were observed throughout the samples cross-sections, and their origin was confirmed to be connected to the virgin powder, where similar features were observed as well. The transfer of these inclusions is connected to their high melting temperature and thermodynamic stability, leading to their conservation along the process chain.



	
Preferential accumulation of nitrides and oxide inclusions was observed on the top surfaces close to the scan track edges, confirming their re-distribution during L-PBF processing along the specimen height.



	
Kinetic calculations confirm limited changes in nitride size observed between the powder and the produced samples, as the precipitation of nitrides was shown to be insignificant for the cooling rate of 10 K/s, which is several orders of magnitude lower than that typically experienced by the L-PBF deposited material (107 K/s), and hence, nitride precipitation during L-PBF processing can be neglected.



	
The small differences in composition between the samples produced under argon and nitrogen did not impact their Vickers hardness. Further assessment of the mechanical properties of the produced material, at room and elevated temperatures after post heat treatment, is recommended to fully understand the potential effect of the applied processing atmospheres.
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Figure 1. Typically observed inclusions observed on the etched cross-sections of the as-built Alloy 718, regardless of the atmosphere type and purity. (a) Titanium nitride and Al-rich oxides observed on the cross-section of a cube built under argon with 50 ppm residual oxygen. (b) A spherical Al-rich oxide observed on a cube built under nitrogen with 500 ppm residual oxygen. (c) Cluster of nitrides observed on the same cube. 
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Figure 2. (a) Fine Ti- and N-rich precipitates of more irregular shape randomly distributed within the matrix. (b) These have been identified using EDS and are pointed out by black arrows in the close-up image. 
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Figure 3. (a) SEM micrograph of the polished cross-section of the gas atomized Alloy 718 powder used as feedstock to produce the samples of this study. (b) Close-up on titanium nitrides and Al-rich oxides characterized by darker contrast. 
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Figure 4. (a) XRD pattern of the as-built cubes produced with argon for different residual oxygen level. (b) Close-up on the patterns in the 35° to 55° range. 
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Figure 5. (a) XRD pattern at low angles with indexed peaks of the virgin feedstock Alloy 718 powder used to build the studied samples, together with the XRD pattern of a cube built using nitrogen with 50 ppm residual oxygen. (b) Close-up on the XRD pattern at low diffraction angles of the Alloy 718 cubes built under argon and nitrogen with 50 ppm residual oxygen. 
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Figure 6. (a) Micrograph of the cross-section at the top of the uppermost last deposited layer, and (b) top view of a cube produced under argon and 50 ppm residual O2. The insert depicts the presence of titanium-rich nitrides on the top surface. 
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Figure 7. (a) EDS line scan over the top surface of a cube produced under argon and 50 ppm residual O2. (b) EDS map over a titanium nitride observed on the top surface. 
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Figure 8. Phase diagram calculated using Thermo-Calc for Alloy 718 and nitrogen along with nitrogen equilibrium isobars. 
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Figure 9. Thermo-Calc calculation using the precipitation module TC-PRISMA of the resulting number density distribution of nitride precipitates in the matrix as a function of their diameter after 50 s. 
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Table 1. Oxygen and nitrogen contents in the cubes built using argon and nitrogen atmospheres at different residual oxygen contents and the virgin Alloy 718 powder. The hardness (HV1) measured on the as-built cubes is also displayed.
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	Gas
	O2 level
	O (ppm)
	N (ppm)
	HV1





	Argon
	500 ppm O2
	316 ± 38
	1091 ± 43
	333 ± 8



	Argon
	50 ppm O2
	303 ± 30
	1099 ± 39
	332 ± 4



	Nitrogen
	500 ppm O2
	329 ± 39
	1142 ± 30
	334 ± 3



	Nitrogen
	50 ppm O2
	293 ± 24
	1148 ± 32
	331 ± 8



	Virgin powder
	N.A.
	472 ± 13
	1495 ± 4
	N.A.
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