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Abstract: Selective laser melting (SLM) is one of the most 

propitious powder bed process,  ancestor of  additive manufacturing  

(AM) group of technologies capable of  manufacturing full 

functional  metal components. Owing to superior properties like 

strength at high temperature conditions, corrosion resistance, 

weldability   made Inconel718 acceptable material for high 

temperature applications. Experimental   study is presented to 

investigate the influence of volume energy density on 

microstructure evolution, defect formation mechanisms, surface 

and mechanical properties and effects of post process aging 

treatment on selective laser melted Inconel718. Specimens were 

fabricated with applied range of energy density between 38.5 J/mm
3
 

to 114 J/mm
3
. Various set of combinations of laser power, scanning 

speed, and layer thickness with constant beam diameter and hatch 

spacing are used.  The responses for surface roughness, porosity, 

hardness were measured. The microstructures and surface 

morphology were characterized by using scanning electron 

microscopy (SEM) and optical microscopy. 

 

Index Terms: Energy Density, Inconel718, Microstructure, 

Selective Laser Melting.  

I. INTRODUCTION 

  Additive manufacturing (AM) or rapid prototyping is an 

alluring technology in manufacturing world. Earlier its 

application was limited for prototype development. It is 

continuously gaining the attention of researchers and 

industries since last 3 decades.  Advancement in additive 

manufacturing techniques, materials and process control has    

enhanced the prospective to replace or complement the 

conventional production processes. AM is one of the 

prominent technology for manufacturing convoluted 

geometries with variety of materials especially advisable for 

low production volume. Selective Laser Melting (SLM) is 

one of the most propitious powder bed technology used for 

metals and alloys used in industrial world to produce full 

functional parts. It offers several advantages like reduced 

time for product development, economy in material and 

energy, reduced tooling requirement, good dimensional 

accuracy and flexibility for manufacturing complex 

geometries with better mechanical properties [10]. SLM 

process can be used to build full functional dense metal part 

from direct CAD data with intricate geometries [14]. 
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Excellent characteristic   properties of nickel based 

superalloys, like high fatigue strength, thermal stability and 

corrosion resistance under extreme conditions, good 

weldability made them suitable for use in manufacturing of 

functional components in aerospace, automobile and nuclear 

engineering. However these materials offer considerable 

challenges during machining with conventional processes 

due to low thermal conductivity, high work hardening 

tendency, hot hardness and chemical affinity [36].  Inconel 

718 is precipitation hardenable nickel based superalloy 

strengthened by primary niobium carbide (NbC), titanium 

carbide (TiC), disc shaped ɣ” and needle-like precipitates of ᵟ 

(Ni3Nb). SLM is an appealing solution to manufacture full 

functional Inconel718 parts. SLM processed superalloys 

have manifested better properties compared to 

conventionally processed parts [16]. Yield strength and 

ultimate tensile strength of SLM processed Inconel are found 

very close to conventionally processed wrought 

Inconel718[3]. Laser energy input, scan speed, scan strategy, 

powder size and morphology are significant parameters 

influencing on quality of SLM processed part [27]. Scanning 

pattern and scan strategy have played an appreciable  

 

Figure 1 Principle of SLM manufacturing process [40] 

Role in development of grains and orientations during 

solidification process [37-38].  Fatigue crack growth in SLM 

processed Inconel718 is controlled by residual stresses 

developed during the process [13].  SLM process is a member of 

AM powder bed category in which a high energy laser source is 

used to melt the fine powder material laid on bed.  
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The powder is melted with selective scanning by laser beam and 

fused together to build the component. The bed is descended by 

layer thickness and a next layer of powder is deposited and 

scanned successively until part is completely built. Principle of 

SLM manufacturing process is shown in figure 1.  A wiper and 

powder feeding mechanism is used to disperse the powder uniformly 

on substrate. A   computer assisted high energy laser beam is applied 

as source of energy for melting the powder on substrate. Laser beam 

scans the layer selectively as per definite 2D sliced model.  A mirror 

deflecting unit is provided for guiding and redirecting the laser beam 

during the process to generate contour of component.  The melted 

particles fuse together and solidify to form a layer of the component. 

The build platform is moved down as per set parameter for layer 

thickness and a new powder layer is distributed through the feeding 

mechanism. The process is repeated in layer by layer fashion till the 3 

D geometry is developed. Owing to intrinsic process 

characteristics, quality of SLM processed part is contestable 

matter. During layer by layer formation of parts, material 

undergoes successive heating, melting and cooling expeditiously 

results in development of intense thermal gradients with non 

equilibrium conditions during solidification. Consequently 

several effects are observed like   formation of non-equilibrium 

phases during solidification, diverse and distinct 

transformations with finer grain development [4-5]. Micro 

cracks, porosity, residual stresses, incomplete melting  of powder, 

lake of fusion, lake of overlap, unstable melt pool, balling effect 

are commonly observed imperfections in  SLM processed parts 

[14]. The operating conditions and selected manufacturing 

process parameters significantly affect the characterizations of 

the part [6].  Anisotropic behavior of SLM processed Inconel718 

is due to grain morphology and γ precipitation and grain 

orientation in relation to tensile axis [11]. Lower strength 

compared to conventionally processed part is due to micro 

cracks and porosity. Post process heat treatment is crucial for 

SLM processed part of Inconel718 to obtain improved 

mechanical properties [10].  Linear laser energy density also 

played a significant role in microstructure growth and 

development of surface texture of SLM processed part. 

Considerable abatement in cracking can be achieved with minor 

alterations to the composition of alloy constituents [39].   

Interaction process between laser beam and base material 

determines the part geometry accuracy and properties of laser 

processed part [18].  Energy transfer to material from laser beam 

is essentially multifarious process affected by numerous factors 

like beam power density, wave length and pulse duration, 

irradiation time or scanning speed, absorptivity and thermo 

physical properties of powder. The microstructures and 

mechanical properties of SLM processed   parts are restrained by 

complex physical and chemical changes within the molten pool 

and   periodical energy transfer by laser. Laser energy input 

directly administers melting conditions of powder, flow of liquid 

metal which has significant impact on type and size of defect 

that affects quality and properties of built part. Linear energy 

density plays a vital role in microstructural evolution of SLM 

processed Inconel718 [7-8]. The molten metal flow and pool 

dimensions and solidification behavior is governed by 

volumetric energy density [27]. Grain morphology, orientation 

and precipitation of strengthening elements have remarkable 

impact on mechanical properties of SLM processed Inconel718 

[19-20].  Higher scanning speed causes unstable melt flow and 

splashing of molten material and affects the surface roughness. 

Scanning speed has remarkable effect on relative density of SLM 

processed part. At higher scan speeds and layer thickness lower 

density observed at constant laser power [5]. The major effecting 

process parameters laser power, scan speed, hatch spacing and layer 

thickness are integrated in a combined parameter called volumetric 

energy density to characterize energy input during process.  

 J/mm3                                                                      Eq (1)       
                                                                 

Where, E= Volume energy density; P= Laser power w; v= 

Scan speed mm/s;   t= layer thickness mm; h= hatch space 

mm. 

II. MATERIAL 

    Pre processed   gas atomized Inconel718 powder with 

average particle size of 38 µm was used. Thermal 

conductivity and powder flowability is essentially dependent 

on   morphology and size of powder particles. Spherical 

particle morphology essentially helps to achieve high 

packing density during the process therefore high relative 

density of SLM built component. The EDX pattern to 

determine chemical composition and SEM image of 

characteristic morphology of powder are shown in figure 1 

(a). Figure 1 (b) shows SEM micrograph for particle size 

distribution and morphology of powder. It shows particles 

are of approximately spherical in shape with smooth surface. 

The chemical composition of alloy powder is presented in 

table 1. 

 

 

 

 

 

 

 

 

 

Figure 2 (a) SEM micrograph of characteristic morphology 

of powder. 

 

Table-1 Chemical composition of metal powder  

Element Ni Cr Fe Mn Co Ti Al Hg 

Weight % 54.33 19.9 17.44 1.46 1.76 1.26 0.76 3.11 

Figure 2(b) EDX spectrum for chemical composition of 

powder.                        

III. METHODOLOGY 

The apparatus used in the present study was a Concept Laser 

M1 shown in Figure 2 (b) which is a commercial SLM 

workstation with continuous wave 200 W Ytterbium fiber laser. 

Available range for layer thickness is 20-80µm.The build 

capacity of the machine is 250x250x250 mm3.  The scanning 

system used with focus diameter 50µm with maximum scanning 

speed of 7 m/s.  
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Since the powder is fully melted during the process it is 

essential to prevent the oxidation during the process. Therefore 

the process is carried out under protecting environment of inert 

gas nitrogen with a pressure of 5 bars in building chamber. Pre 

processed gas atomized Inconel718 powder (commercially 

known as CL 100Nb) was used to print the specimen. Specimen 

were build horizontally with varying   process parameters like, 

laser power, scan speed, layer thickness with constant laser spot 

diameter 0.15 mm and  hatch spacing of 0.105 mm using island 

scanning pattern. Cubical specimen of size 10mm were built on 

substrate made of steel C45 from a 3D CAD model of specimen. 

The parameters are selected within the limitations of available 

range of operating parameters by machine (especially for layer 

thickness and laser power). The range of scan speed and laser 

power for applied energy density was chosen on the basis of 

suggested values from previous researchers’ investigations for 

Inconel718[7,39].  Range of parameters used for this study is 

mentioned in table 2. Various set of combinations of process 

parameters for different volume energy input are mentioned in 

Appendix I. Specimens were built by applying Taguchi method 

L16 orthogonal array. The volume energy density applied 

between 38 to 114 J/mm
3
 to fabricate the specimens. 

Table 2 SLM manufacturing parameters used in this study 

Parameter Level 1 Level 2 Level 3 Level 4 

Laser Power W 160 170 180 190 

Scan Speed mm/s 500 600 700 800 

Layer Thickness 

mm 

0.03 0.04 0.05 0.06 

Figure 3 Photograph of SLM processed specimen 

 

The surface roughness were measured with Maxell 

roughness tester with 4 mm displacement at different three 

locations on the top surface (perpendicular to build direction) 

of the as fabricated part and average value is taken for each 

sample. The density of specimen was measured by using 

Archimedes' principle.  Masses of each sample in air and 

water were measured independently using electronic 

weighing scale with ± 1mg accuracy. Porosity is considered 

with following equation: 

                                     Eq.   (2)                                                                              

Where, Φ%=Percentage porosity; ρ= observed density 

gm/cm3; ρs =   standard density gm/cm3 (8.19 g/cm3).         The 

hardness measurements were carried out on analog   tester for 

Rockwell hardness B (load 100 kgf) for as fabricated sample. 

The specimens were treated for age hardening process to 750° C 

for 8 hours with furnace cooling 100° C/hour[10]. Scanning 

electron microscope (SEM) Zeiss SEM EVO 18 special edition 

equipped with X-ray diffraction system (EDX) facility was used   

and scans were conducted for microstructure and surface 

morphology of built samples in X-Y and Y-Z plane. 

IV. RESULTS AND DISCUSSION 

A. Surface Roughness 

Surface roughness distribution   of as fabricated 

specimen is shown in figure 4. Higher values of applied 

energy, the average surface roughness decreased 

significantly. It is attributed to lower scan speed, sufficient 

laser energy and residence time is available to melt powder 

completely that also resulted in higher melt temperature. 

Consequently lower melt viscosity lessening the balling 

effect and larger melt pool dimensions permitted better 

connectivity for adjacent scan tracks. Therefore 

development of moderate peaks on surface and better 

surface finish. For smaller values of energy density  lower  

laser power with very  high  scanning speed, increased 

area of HAZ (Heat Affected Zone) caused in greater 

amount of un-melted powder  clung on  the surface of built 

part resulted in  higher values of surface roughness as   

depicted from figure 4. 

 

Figure 4 Surface roughness distributions for different energy 

density 

 

B. Porosity 

Figure 5 represents the porosity distribution for various 

fabricated samples. For lower applied energy, higher 

porosities observed due to insufficient energy available for 

melting resulted in incomplete melting of powder and lake of 

fusion between adjacent scan tracks and intra layer fusion. 

For lowest value of applied E, the highest value of porosity 

8.44% was obtained. 
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Figure 5 Porosity distributions for different energy density 

With increased applied energy, porosity reduced to 2.38 %. 

Further increase in applied energy, larger values of porosities 

resulted due to unstable process conditions.  Lowest porosity 

1.41% was obtained for applied energy density 101.5 J/mm3 

(power 160 W, layer thickness 0.03 mm, scan speed 

500mm/s). Increasing applied energy by higher laser power 

and lower scan speed for applied energy density 114.2 

J/mm3, porosity value increased to 4.52% due to greater 

quantity powder melted with higher melt pool temperature 

caused formation of more gas bubbles induced from raw 

powder during heating. These gas bubbles are accumulated 

as inadequate time to liberate out from solidifying layers. 

C. Hardness 

   Because of complexity of process, hardness is considered a 

crucial parameter as far as homogeneity of  mechanical 

properties of SLM processed part.Figure 6 shows the Vickers 

hardness for as fabricated and age hardened samples for 

different energy density. For as built part the hardness values 

obtained 193 to 234 HV. The lowest value was recorded for 

sample D1 with applied energy density of 38.5 J/mm3. With 

increased energy density, progressively more homogeneous 

microstructure evolved and higher value of hardness was 

obtained. Built samples were examined parallel and 

perpendicular to building direction through scanning electron 

microscope (SEM).  

Figure 6 Hardness Response of as built condition and after age 

hardening 

D.Microstructure 

      Development of microstructural features were significantly 

affected by mainly two criterions: heat accumulation and 

temperature gradient developed during the process For  lower 

value of energy density ( 31.7 & 38.5 J/mm3), with higher scan 

speed, lower laser power, large amount of un-melted powder 

particles  observed in surface morphology is SEM micrograph 

figure 7 (a).  

.

 
Figure 7 (a) SEM micrograph for energy density 31.7 J/mm3 

(perpendicular to building direction).1 Un melted powder   2 

Incomplete fusion. 

Scanning tracks were discontinuous due to insufficient energy 

input and lake of fusion can be observed in figure 7 (b).At higher 

magnification, for higher scanning speed and lower laser power, 

balling effect observed in figure 7(c) and (d) is attributed to 

lower wetting ability due lower input energy and that resulted in 

shorter melt pool with lower temperature. This happens due to 

insufficient wetting action of molten metal with previously 

solidified layer beneath to melt pool.  

 
Figure 7(b) SEM micrograph for energy density 40.4J/mm3 

(perpendicular to building direction). 

1 Discontinuous scan track    2 Un melted powder 

 
Figure 7(c) SEM micrograph for energy density 38.5 J/mm3 

(perpendicular to building direction). 
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1 Pores    2.Balling effect 

 

 
 

Figure 7(d) SEM micrograph for energy density 53.5 J/mm3 

(perpendicular to building direction). 

1. Balling effect 2.Carbides. 

 

The melt pool dimensions length, width and depth increased 

with increased level of energy density. For lower energy density 

with higher scanning speed results in instable melt pool 

conditions and causes splashing of melt from track surface hence 

formation of intra layer fusion defects observed. Balling is 

undesirable as it is contributes for poor surface quality and 

mechanical properties. 

 
Figure 7(e) SEM micrograph for energy density 60.3J/mm3 

(perpendicular to building direction sample D2 ). 

1. Balling effect 2. Pores 3. Shrinkage cavity 

 For similar energy input (60.3 J/mm3 for sample C1 and D2) 

and same laser power but with different scanning speed, the 

extent of balling effect  observed greater extant for sample D2.   

 
Figure 7(f) SEM micrograph for energy density 60.3J/mm3 

(perpendicular to building direction sample C1). 

1. Balling effect   2.Carbides 

For sample D2, with higher scanning speed and  average melt  

pool length   observed 254µm  and larger open pores are 

observed due to instability  of melt pool. Heat affected zone as 

observed in figure 7(g) due to steep temperature gradient 

developed during sequential heating, melting, cooling and 

solidification during the process. Insufficient molten metal 

causes lake of fusion and mismatch of melt pool boundaries. 

 

 
 

Figure 7(g) SEM micrograph for energy density38.5J/mm3 

(perpendicular to building direction sample D2). 

1. Heat Affected Zone (HAZ)   2. Coarse grains    3. Open holes 

For higher applied energy density, higher melt pool 

temperature and better wetting characteristics with larger melt 

pool width resulted in better surface characteristics, 

homogeneity and fine grains in texture and lower porosity and 

better mechanical properties shown in figure 7(h) 

 
Figure 7(h) SEM micrograph for energy density100.5J/mm3 

(perpendicular to building direction sample A1). 

1. Fine grains 
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Figure 7(i) SEM micrograph for energy density 53.5 J/mm3 

(parallel to building direction)  showing grain direction. 

 A  typical microstructure of as fabricated SLM part  is distinctly 

directional and consists of columnar grains and dendrites 

aligned  along the build direction has coarse dendrites within the 

grains with average spacing ≈ 607 nm shown in figure7 (i) 

 
Figure 7(j) SEM micrograph for energy density 64.3J/mm3 

(perpendicular to building direction). 

1. Pores 2. Intra track fusion line       3. Micro cracks 

  Randomly scattered spherical pores and fine metal carbides are 

observed for all samples. Average size of pores 3-4 µm. 

Porosities are associated with formation of gas bubbles during 

melting process..Extremely high cooling rate during 

solidification causes high temperature gradients that  led to 

develop large amount of residual thermal stresses in as 

fabricated SLM part that causes  micro crack initiation and 

growth  within fabricated part as observed in figure 7 (j).    

Straight or ragged micro cracks of average size of 179nm found 

with discontinuous paths   across the samples in both directions. 

The crack density appeared higher at lower energy input along 

longitudinal section(X-Y direction). 

 
 

Figure 7(k) SEM micrograph for energy density47.6J/mm3 

(perpendicular to building direction). 

1. ɣ phase       2. δ phase               3. Carbides 

The base phase of ɣ and needle like δ phase are observed with 

distinct metal carbides with island like lave phases are observed 

at lower applied energy density as shown in figure 3(k). Lave is 

an intermetallic brittle phase formed in Inconel718 as a result of 

segregation metal carbides and is considered undesirable. 

 
Figure 7(l) SEM micrograph for energy density38.5J/mm3 

(perpendicular to building direction sample D2 ). 

1. Lake of fusion    2. Pores             3.Lave 

Segregated carbides are observed between interdendritic region 

and adjacent scanning tracks. Laves are formed generally in 

segregated regions. For lower value of applied energy density,  

incomplete fusion  or lake of fusion defects are observed due to 

insufficient melt during solidification led poor  intra layer 

bonding  as observed in figure7 (l). 

   E. Effect of Aging 

 Suitable post process heat treatment can contribute significantly 

to reduce process generated residual stresses and improved part 

quality. Proper care should be taken for selection of type of 

treatment, temperature and cycle time for heating and cooling. 

This can help to develop better mechanical and metallurgical 

properties of SLM processed part. Effects of aging process 

depend on initial microstructure, chemical composition, amount 

of process induced residual stress essentially dependent on  

applied process parameters and geometric configuration of 

component. Microstructure of as built component can be 

modified.   
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Figure 8(a) Optical micrograph (perpendicular to building 

direction) of aged specimen with lower energy input (60.3 

J/mm3). 

1. Pore                  2.Segregation of carbides at grain boundary 

 
Figure 8(b) Optical micrograph (parallel to build direction) of 

aged specimen with lowest energy input (38.5 J/mm3)1.    

Moving grain boundary 2.  Pores 

 

The irregular precipitation of ɣ and ɣ’ phase is observed at 

lower energy density with extensive etching at grain 

boundaries  and interdendritic regions as observed in figure 

8(b). 

 
Figure 8(c) Optical micrograph    (perpendicular to building 

direction) of aged specimen with energy input 38.5 J/mm3. 

1. Residuals of laves           2.Segregation of carbides. 

Residual particles of lave phase on grain boundaries are 

observed in figure (b). Interdendritic areas and boundaries of 

columnar grains with scattered dispersion of needle like ᵟ 

precipitates observed in interdendritic regions as shown in figure 

8(c). 

 
Figure 8(d) Optical micrograph(parallel to building direction) of 

aged specimen with  energy input 101.5 J/mm3. 

1. Pores 2. Moving grain boundary  

At high energy density response after aging is found better 

compared to lower applied energy density that can be observed 

in figure 8(d).  

  Figure 9 Percentage increase in hardness for different energy density  

    Hardness response after aging process was obtained between 

295 to 415 HV. This is attributed to inherent anisotropy in 

microstructure associated with process and its operating 

parameters. The lowest % rise in hardness after aging was 

obtained for sample 1 (32%) with highest energy density of 

114.5 J/mm3. The highest % rise in hardness after aging was 

obtained for sample A3 (105 % ) with  energy density of 75.4 

J/mm3.                    

V. CONCLUSIONS 

In this study, we discussed   volumetric energy density as a  

critical parameter for selective laser melting process of 

Inconel718. Within limitations of this study, following 

conclusions are summarized as below: 

 

 

1. Applied volume energy density played a predominant 

role for microstructure evolution and surface and 

material properties for selective laser melted 

Inconel718. Porosity is inherent characteristic for 

selective laser melting.  
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It cannot be eliminated completely but can be minimized 

by proper selection of process parameters and energy 

density. Nearly fully dense part with relative density at 

the level of 98.4% obtained with optimal selection of 

process parameter combinations for applied energy 

density 101.5 J/mm3. 

2. Lower volume energy density, process induced defect 

formation mechanisms like open pores, balling effect, 

incomplete bonding, and microsegregation of carbide 

particles are promoted. These resulted in poor quality of   

SLM processed samples. 

3. Average surface roughness obtained between 6.1 to 

10.7µm. With progressive increase in applied energy density, 

better surface finish and texture obtained due to lower extant 

of balling effect and smaller quantity of unmelted powder 

particles. 

4. Hardness for as fabricated samples obtained between 

HV193 to HV220 with average value of 207HV. 

5. Suitable post process heat treatment can contribute 

significantly to reduce residual stresses and improve the 

properties of SLM processed part. Age hardening heat 

treatment  has upgraded hardness range between HV 295 to 

HV 427 with average hardness 350HV.  Average% increase 

in hardness for applied range of energy density is 69.2%. The 

lowest % increment response was for applied energy density 

114.2 J/mm3 and that was obtained highest for energy density 

53.3 J/mm3. 

VI. FUTURE SCOPE 

The scope of this research work can be extended for 

optimization of process parameters for other mechanical 

properties like tensile, wear and fatigue strength for SLM 

processed material. This research work can be useful for 

future research for optimization of heat treatment parameters 

of SLM processed Inconel718 

 

APPENDIX 

Parameters used in this study 

 
Power 

W 

Layer 

thickness 

mm 

Scan 

Speed 

mm/s 

Sample Energy 

density 

J/mm
3
 

160 0.06 800 D4 31.75 

170 0.06 700 D1 38.55 

170 0.05 800 C2 40.48 

160 0.05 700 C3 43.54 

180 0.06 600 D3 47.62 

180 0.04 800 B1 53.57 

190 0.06 500 D2 60.32 

190 0.05 600 C1 60.32 

160 0.04 600 B2 63.49 

190 0.04 700 B4 64.63 

180 0.05 500 C4 68.57 

190 0.03 800 A3 75.40 

170 0.04 500 B3 80.95 

180 0.03 700 A2 81.63 

160 0.03 600 3 84.64 

170 0.03 600 A4 89.95 

160 0.03 550 2 92.34 

160 0.03 500 A1 101.59 

180 0.03 500 1 114.29 
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