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The additive manufacturing concept for the production of complex near net shape metal parts 

is obtaining increasing attention due to the possibility of producing assembled and/or complex 

parts allowing optimal design and saving time and cost. The possibility to use the free design 

of Selective Laser Melting (SLM) techniques for the fabrication of complex 3D components 

using high performing, although difficult to work, materials such as Ni superalloys is really 

attractive. 

The particular process conditions that are established during additive manufacturing in SLM 

leads to microstructures different with respect to those observed in standard cast or wrought 

analogous material. Therefore it is usually necessary to apply a post solution treatment, in 

order to reduce the segregation of heavier elements (in particular Nb) and dissolve the 

interdendritic precipitates. 

In this study the influence of temperature and time of the solution treatment on the 

microstructure is investigated in order to find the best results in terms of the final oxidation 

resistance. Oxidation performances of solutioned Inconel 718 fabricated via SLM are reported 

and discussed. The growth rate of the superficial oxide at the temperature of 850 °C was 

measured and the long-term stability of this passivating layer was tested until 908 hours. 

 
1. Introduction 

Selective Laser Melting (SLM) is a powder bed Additive Manufacturing (AM) technique that 

allows to produce geometrical complex parts avoiding welds or further joining processes.[1] [2] 

The additive manufacturing strategy is becoming more and more interesting for the production 

of near net shape metal parts in small series due to the opportunity of a significant reduction of 

time and cost of the design step.[3] The high freedom of design allowed by SLM could be useful 

in many high temperature applications, for example in the fields of energy production, chemical 

plants or aerospace. In these applications, the constitutive materials operate at high temperatures 
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muffle furnace with air environment. At predetermined increasing exposure times, one sample 

per exposure time was then removed from the furnace and cooled in calm air down to room 

temperature. The last two samples were removed together after 351 hours of exposition. The 

mass change of samples subjected to this isothermal oxidation test run was measured with a 

precision balance with 0.1 mg resolution. 

In order to study the mass change behavior for longer time of oxidation at 850°C, a second 

oxidation procedure was applied using the two samples removed from the furnace after 351 

hours. After the weighing step these two samples were again introduced into the furnace and 

exposed at 850 °C for longer times. By this way two further exposition steps at 850°C could be 

studied: 755 and 908 hours. 

Finally, the oxidized samples were cut along cross section and prepared with the same 

metallographic procedure as described above, to investigate the thermally grown oxide nature 

and morphology. To this purpose, Optical Microscopy (OM), Field Emission Scanning 

Microscopy (FESEM, Merlin Zeiss) and semi-quantitative Energy Dispersive Spectroscopy 

(EDS) analysis were applied. 

 

3. Results and Discussion 

 
3.1. Microstructural analysis 

 
3.1.1. As built Microstructure 

Grain morphology on as built samples is highly anisotropic when observed along the plane of 

the deposited powder layers (referred as xy plane) and along the plane parallel to the building 

direction (referred as z plane). The parallel tracks formed during the laser scan are much evident 

on the xy plane (figure 1-a). On the contrary, the predominant structural features on the z planes 

are the typical arc-shaped and partially overlapped melt pools contours. They derive from local 

melting of the irradiated zone and subsequent rapid solidification as soon as the laser spot 
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moves far from that area (figure 1-b). These microstructural features are typical of additive 

manufacturing processes.[24] [25] [26] 

The general microstructure of the as built sample is characterized by elongated grains that 

develop along the building direction (z). It can be observed that the lying of grains boundaries 

(white arrows in figures 1-c and 1-d) is independent by the laser formed pool contours (red 

arrows in figure 1) and that a single grain usually grows through more than one melt pool. This 

is in agreement with other observations reported in literature.[10] [14] [20] [27] [28] [29] [30] [31] [32] [33] 

[34] The solidification of the melt pools occurs mainly through the epitaxial growth of the grains 

at the solid/liquid interface rather than by nucleation of new grains, leading to the formation of 

relatively coarse and columnar grains that cross several deposited layers maintaining their own 

crystallographic orientation.[30] [35] 

Within the core of each grain a very fine sub-structure develops, consisting of strongly oriented 

patterns approximately parallel to the building direction (thus perpendicular to the x-y plane). 

This intragranular texture consists of very narrow columnar dendrites limited by interdendritic 

segregated zones (dark areas in the optical micrographs of figures 1-c and 1-d) and forms a fine 

cellular microstructure. Such microstructure derives from the particular conditions, which are 

established during the SLM process.[20] In particular, the extremely rapid cooling of the melt 

pool and the thermal gradients that forms during solidification are major causes for this.[36] [37] 

Once this extremely fine cellular dendritic microstructure was studied at higher magnifications 

with FESEM (figure 2), provided evidences that different populations of precipitates were 

formed during the building process. This gives clues to the fact that actually different 

segregation processes had occurred during Inconel 718 consolidation via SLM. Actually, 

homogeneously dispersed intradendritic nanometric precipitates (dark greys spots within red 

dotted circles in figure 2-c), and either irregular (white spots within brown dotted circles in 

figure 2-c) or globular (light greys spots within black dotted circles in figure 2-c) coarser 

interdendritic precipitates can be detected. According to the discussion reported below inter-
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Figure 9 compares at fixed soaking time the effect of solutioning temperature on precipitates 

size distribution. We can thus conclude that increasing the temperature always provides more 

effective dissolution of as built precipitates. Newly precipitated phases can be formed, but at 

1065 and 1200°C their contribution is very limited. At 1065°C, although dissolution process is 

not complete, the major precipitates present are very fine (lower than 100 nm) and can be 

reasonably considered to be carbides. At 1200°C apart from the increased grain size, some 

coarse precipitates are formed. For these reasons, 1200°C solutioning is not promising. 

Increasing the soaking time is especially effective at 1065°C as it further reduces the overall 

volume fraction of precipitates at each size. Therefore, according to the precipitates dissolution 

processes the most promising treatment is 1065°C for 2 hours. 

 
3.3. Vickers Microhardness Measurements 

Microhardness measurements on solutioned samples were performed to have a further indirect 

clue of the effectiveness of as built precipitates dissolution process. A total of 10 microvickers 

indentations were performed for each sample. The average microhardness obtained on the not 

solutioned samples is of 368 ± 8 HV0.01. As it is expected, the solution treatment leads to a 

reduction of the hardness of the sample due to the general coarsening of the microstructures 

(this mechanism is especially effective at 1200°C) and the partial dissolution of precipitates 

(this mechanism is more efficient as the solutioning temperature increases). In figure 10-a the 

average values of Vickers microhardness and the respective 95% confidence intervals of the 

measurements collected on the solutioned samples are compared with the as built one. 

From figure 10-a it can be seen that the decrease of the Vickers microhardness is more 

pronounced as the solutioning temperature increases. In particular, a marked reduction was 

detected after the heat treatment at 1200 °C as a consequence of the concurrent grain coarsening 

and precipitates dissolution. Solutioning time less affects the microhardness levels. However, 

the microhardness behavior is particularly in agreement with the proposed interpretations of 
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related to the compositional in-homogeneities. The content of chromium available for the 

formation of the protective layer of chromia is lower in the inter-dendritic regions due to 

microsegregation occurred during the SLM solidification. Furthermore, the presence of a large 

number of eutectic products in these zones can slow down the formation of a continuous 

protective scale. 

For these reasons, the heat treatment set up was focused on removing segregation patterns and 

effectively dissolving especially deleterious as built Nb-rich precipitates. Therefore, the most 

promising solutioning preliminary at 1065°C for 2 hours was applied on all samples to be 

subjected to the isothermal oxidation runs. 

The data collected until 351 hours of exposure (circle points in figure 11) were fitted with a 

linear regression line using the least square method and imposing the intercept to zero. Although 

850°C would fall into the first regime of oxidation, the parabolic law fits very accurately the 

recorded data. The obtained value of the constant kp is (2.7 ± 0.6)·10-4 mg2cm-4h-1. A low kp 

value is a reliable quality indicator of the oxidation behavior, because it relates to a slow growth 

of the oxide scale and, as a consequence, to a slow consumption of Cr from the alloy matrix. 

This means that a potentially longer life at service conditions can be guaranteed for the SLM 

Inconel 718. The kp value calculated in the current study for 1065°C, 2 hours, solutioned SLM 

Inconel 718 is much lower than that recorded in a similar oxidation test run at 850°C until 100 

hours by Jia and Gu (1.6·10-2 mg2cm-4h-1) on as built SLM Inconel 718 alloy.[15] This gives 

clues to the fact that optimized solutioning can markedly improve the oxidation resistance of 

SLM Inconel 718. 

In the current study it was also possible to extrapolate the oxidation behavior of solutioned SLM 

Inconel 718 for very long thermal exposures, according to the procedure described in the 

Experimental Procedures section. By applying this procedure two further oxidation data for 755 

and 908 hours exposure at 850°C in calm air were added to the analysis. The values of mass 

gain gathered after these further oxidation runs are also reported in figure 11 (triangle points). 
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1065 °C has been identified as the best in term of solutioning efficiency and the soaking time 

of 2 hours was selected in order to promote the maximal dissolution of as built precipitates, 

without causing excessive grain growth. 

The long oxidation run (up to 908 hours) carried out on solutioned SLM Inconel 718 has shown 

a regular parabolic increase of the mass due to oxidation when exposed at 850 °C in air. The 

parabolic trend of the mass gain per unit of area is the consequence of an effective diffusion 

controlled process that takes place thanks to the formation of a dense, protective and stable 

oxide scale on the surface of the alloy. The kp value of the parabolic law detected in this study 

is lower than the results available in the literature for oxidation runs at the same temperature, 

demonstrating the good oxidation resistance of SLM produced Inconel 718 at the service 

temperature of interest and the beneficial effect of the identified solution treatment. 
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Figure 1. Optical micrographs of etched as built Inconel 718 at increasing magnifications 
with identification of Building Direction (BD). Boundaries between the laser tracks on x-y 
plane (a and c) and arc-shaped melt pools contours on the z plane (b and d) are indicated by 
red arrows. Grain boundaries are indicated by white arrows in c and d. The white dotted 
boxes in a and b indicate the magnification zones shown respectively in c and d. 
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Figure 2. Schematic model of the solidification path and resulting distribution of the eutectic 
products: carbides and Laves phases (a). Secondary Electrons FESEM micrographs on the x-
y plane of the as built Inconel 718 showing a cellular structure (b) with interdendritic 
precipitates (within brown and black dotted circles in figure c) and the presence of a high 
density of ultra-fine precipitates in the cell cores (within red dotted circles in figure c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 






















