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ABSTRACT  
Comparative study of Inconel 718 nickel-base superalloy produced by selective laser melting (SLM) and 
conventional technology was carried out. The SLM Inconel 718 microstructure consists of  grains, 
surrounded by  phase plates and small carbides.  and  precipitates were present within the  subgrains. 
The  phase plates are mainly located along grain boundaries like in conventional Inconel 718. The  grains 
consist of columnar and equiaxed subgrains. Study of microstructure showed that the columnar subgrains 
in their turn consisted of equiaxed subgrains. The SLM material features a developed substructure in  
grains, and dispersed precipitates, oxides along subgrain boundaries. SLM Inconel 718 and conventional 
Inconel 718 were subjected to high pressure torsion (HPT), which resulted in microstructure refining down 
to nanocrystalline size and partial dissolution of Nb containing  and  phases.  phase particles were 
revealed more clearly after subsequent annealing at the temperature close to aging temperature like in 
conventional superalloy. Nanostructure of SLM Inconel 718 formed by HPT had duplex ( + ) structure and 
was found to be thermally stable at 600 °C during 2 h. Annealing of the SLM Inconel 718 led to superior 
microhardness (956.46 HV), which was slightly higher than that of the conventional superalloy. 
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Introduction 
The nickel-base superalloy Inconel 718, which can be exposed to high mechanical and 
thermal stresses, is commonly used in rocket and aircraft engines [1–3]. The phase 
composition, heat treatment and production technique determine its performance 
characteristics. For instance, selective laser melting (SLM) is a particular technique of 
rapid prototyping, 3D printing, or Additive Manufacturing (AM) designed to melt and fuse 
metallic powders with a high power-density laser [4–11]. SLM produces solid, simple or 
geometrically complex objects having a number of layers [4–7,11–13]. The AM process 
results in the formation of a complex heterogeneous microstructure, characterised by the 
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precipitation of dispersed strengthening phases and oxides. This is due to the 
combination of multiple heating and rapid cooling during the manufacturing process 
[4,8,10,14–18]. Consequently, the microstructure of the SLM material differs from that of 
materials produced by conventional methods. The microstructure is comprised of 
contained columnar and cellular grains, as observed in previous studies [19–21]. The 
microstructure of conventional superalloy subjected to severe plastic deformation by high 
pressure torsion (HPT) has been refined to nanoscale [22,23]. HPT can enhance the 
diffusion and dissolution of precipitates [23]. The microstructure and microhardness of 
SLM Inconel 718 and the conventional alloy subjected to HPT and annealing were 
compared in this paper. 

 
Materials and Methods 
Inconel 718 Ni-based superalloy, produced by SLM, was received in the form of a bar with 
a square cross-section measuring 11 × 11 × 73 mm3, which was built vertically. The SLM 
scanning parameters, including laser power, scanning speed, layer thickness, and the 
distance between the scanning tracks of the laser beam, were selected to minimize 
porosity in the produced material. Table 1 shows the chemical composition of 
Inconel 718 Ni-based superalloy produced by SLM. The chemical composition of the 
superalloy was specified in the material's technical specifications, and its major 
elemental concentrations were confirmed using an energy-dispersive X-ray spectroscopic 
analysis (EDS, Aztec, Oxford Instruments). The samples 8 mm in diameter and 0.7 mm in 
thickness were cut from the SLM alloy. These small discs were processed by HPT on 5 
revolutions at room temperature [24] and subsequently annealed at 600 °C for 2 h. 

 
Table 1. The chemical composition of the SLM Inconel 718 alloy (wt. %) 

Cr Fe Mo Co Al Ti Nb C B Ni 
19.8 18.4 3.4 0.1 0.6 1.0 5.9 0.04 0.03 base 

 
The microstructure investigation was carried out with the use of scanning electron 

microscopy (SEM) in backscattering electron (BSE) mode. The electron backscattered 
diffraction (EBSD) analysis performed with a scan-step of 1 m was carried out by Tescan 
Mira-3. Channel 5 processing software was applied for EBSD analysis. JEM-2000EX 
provided transmission electron microscopy. The samples and foils were polished at 50V 
with an electrolyte consisting of 10 % perchloric acid and 90 % butanol. Axiovert 100A 
and a microhardness tester MNT-10 with a 100 g load and 10 second time-lag were used 
for Vickers microhardness tests. 

 
Results and Discussion 
The microstructure of SLM Inconel 718 

The BSE cross section image of superalloy Inconel 718 in as-built SLM condition is 
represented in Fig. 1(a). The microstructure consists of coarse and fine  grains. The size 
of  grains is about 20–100 μm.  grains contain columnar and equiaxed subgrains 
(Fig. 1(a,b)) [25,26]. The plates of the  (orthorhombic D0a structure) phase, small carbides 
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and, probably oxides, are located at the  grain boundaries. Columnar subgrains consist 
of submicrocrystalline equiaxed subgrains of about 0.5 μm. Dispersed  (tetragonal D022 
structure) and  (cubic L12 structure) particles are precipitated in  subgrains (Fig. 1(c,d)), 
like in conventional superalloy [27]. The diffraction pattern of the SLM alloy at Fig. 1(e) 
shows the existence of Ni-based ( phase, (331)), orthorhombic Ni3Nb ( phase, (313)), 
body-centered tetragonal Ni3Nb ( phase, (301)), and Ni3Al ( phase, (222)). EBSD 
analysis of the initial microstructure, earlier performed in [28], showed that high-angle 
grain boundaries accounted for 26 %. 
 

   
(a)      (b) 

   
(c)      (d) 

 
(e) 

 

Fig. 1. The microstructure of SLM Inconel 718: BSE images of columnar subgrains and of equiaxed 
subgrains (a,b); transmission electron microscopy (TEM) images of submicrocrystalline subgrains (c,d);  

the diffraction pattern of the whole area of Fig. 1(d) 
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The microstructure of SLM Inconel 718 subjected to HPT 

Figure 2 shows BSE and TEM images of SLM Inconel 718 subjected to HPT. The  grain 
size in this condition was about 30 nm which is akin to that of conventional alloy 
subjected to HPT [22,23]. It is well known that the volume fraction of  precipitates in 
conventional Inconel 718 alloy is less than 5 %,  precipitates is less than 25 % [29], and 
 phase is about 16 % [30]. Really a large amount of dispersed precipitates as  phase, 
carbides and oxides of the SLM alloy is unlikely to dissolve in  matrix during HPT. 
Dispersed particles, probably fine carbides or oxides were visible in Fig. 2(a). The 
diffraction pattern of the alloy after HPT of TEM image Fig. 2(b) showed the existence of 
orthorhombic Ni3Nb ( phase, (211)), as well as Ni-based  phase, (200). Probably 
metastable  phase and  phase are almost completely dissolved during HPT as in the 
conventional superalloy subjected to the same treatment [23]. 
 

   
(a)      (b) 

 
(c) 

 

Fig. 2. Microstructure of SLM Inconel 718 subjected to HPT: BSE image (a), TEM images (b, c) with 
electron diffraction pattern (b) 

 
The microstructure of SLM Inconel 718 subjected to annealing 

Figure 3 shows the BSE images and the EBSD orientation map of SLM Inconel 718 after 
annealing at 600 °C for 2 h. The quantity of  phase precipitates, carbides and oxides 
increased along the grain and subgrain boundaries during annealing (Fig. 3(a,b)). The 
microstructure contains coarse and fine  grains. The γ grains also exhibited the presence 
of both columnar and equiaxed subgrains, while the  grain size remained unaltered in 
comparison to the as-built condition (Fig. 1(a,b)). The EBSD orientation map shows that 
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the quantity of low angle boundaries decreased (Fig. 3(c)) and the fraction of high angle 
boundaries increased during annealing up to 69 % (Fig. 3(d)). The 3 twin boundaries 
were not identified in either the BSE images or the misorientation – angle distribution 
for grain boundaries (about 60) after annealing (Fig. 3). 
 

   
(a)      (b) 

   
(c)      (d) 

 
Fig. 3. The microstructure of SLM Inconel 718 after annealing at 600 ºC for 2 hours: BSE images (a,b), 
EBSD normal-direction (inverse-pole-figure) orientation map (c) and corresponding misorientation – 

angle distribution for grain boundaries (d), and the circle in (c) indicates the plane is perpendicular to the 
build direction 

 
The microstructure of SLM Inconel 718 subjected to HPT and annealing 

Figure 4 represents the TEM images of the sample subjected to HPT and annealing at 
600 ºC for 2 hours. The average size of  grains increased from 30 to 50 nm. The diffraction 
pattern of the SLM alloy subjected to HPT and annealing exhibited the presence of the 
orthorhombic  phase (412) and the  phase (220), as observed in Fig. 4(b).  phase and  
phase precipitates were revealed in the microstructure. The  precipitates were dissolved 
in the  matrix during HPT and subsequently precipitated during annealing by additional 
-phase particles. HPT and annealing of the SLM alloy resulted in the microstructure similar 
to that of the conventional superalloy subjected to the same treatment [22,23]. 
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(a)      (b) 

 
Fig. 4. The microstructure of SLM Inconel 718 subjected to HPT and annealing at 600 ºC for 2 hours: TEM 

images (a,b) with electron diffraction pattern (b) 
 

Effect of HPT and annealing on the microhardness 

The microhardness (HV) of SLM and conventional Inconel 718 in different conditions is 
represented in Table 2. The SLM superalloy that was the subject of this investigation 
exhibited a microhardness of 530.23 ± 19.37 HV, which is higher than the microhardness 
of 432 ± 12 HV reported in [31]. Annealing at 600 ºC for two hours did not impact the 
microhardness of the SLM alloy, due to the previous treatment of the alloy being carried 
out at a higher temperature via laser melting, followed by cooling. As shown in [32],  
the  phase in SLM alloy is precipitated at temperatures of 700 ºC and above. It can be 
reasonably assumed that the annealing temperature of 600 °C was too low to precipitate 
the  phase in the SLM alloy. Indeed, the minimum aging temperature for Inconel 718 
alloy is typically 620 °C [33]. The conventional superalloy microhardness is observed  
to decrease to 477.21 HV as a consequence of a reduction in dislocation density following  
hot forging and subsequent annealing. Better microhardness after HPT is related with  
microstructure refinement down to the nanocrystalline level. The observed increase in  
microhardness following subsequent annealing is likely attributable to the precipitation of  
the  phase and the onset of polygonization that occurred prior to recrystallization [34].  
The microhardness of SLM Inconel 718 is higher than that of the conventional alloy, 
probably due to dispersed oxides and carbides in the SLM alloy at the grain boundaries [35]. 

 
Table 2. Microhardness (HV) of SLM Inconel 718 and conventional Inconel 718 subjected to different treatment 

Conditions Inconel 718 SLM Inconel 718 
Initial 547.57 ± 25.49 530.23 ± 19.37 
Annealing at 600 °C 477.21 ± 19.37 528.19 ± 12.24 
HPT 637.30 ± 39.77 721.93 ± 26.51 
HPT+annealing at 600 °C 866.73 ± 42.83 956.46 ± 25.49 

 
Conclusions 
1. The stable  phase precipitates present in the SLM Inconel 718 alloy did not fully 
dissolve during HPT, and their presence was more clearly discernible following annealing 
at 600 ºC for 2 h. 
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2. The mean size of  grains increased from 30 to 50 nm during annealing at 600 ºC  
for 2 h of the SLM Inconel 718 alloy subjected to HPT on five revolutions. 
3. The SLM Inconel 718 processed by HPT on five revolutions and annealed at 600 ºC  
for 2 h show the higher microhardness (956.46 HV) than conventional one (866.73 HV), 
and in both cases was achieved in due to additional precipitation by dispersed  phase. 
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