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Abstract 

Inconel 718 is considered difficult to machine because of its ability to maintain its properties at high temperatures. The low thermal conductivity 
of the alloy causes accelerated tool deterioration when machining. Selective laser melting (SLM) additive manufacturing introduces a possibility 
of eliminating these difficulties, and producing complex shapes with this difficult-to-machine material. However, high surface roughness and 
porosity usually occur at the surface of components produced through additive manufacturing. In this study, the surfaces of Inconel 718 samples 
produced through selective laser melting were treated using laser ablation. The process parameters for the laser ablation process were analyzed 
in order to achieve a minimum surface roughness. The surfaces of the samples were observed after printing and after the laser ablation process 
using a microscope and the roughness average was measured using a profilometer. Optimized process parameters were achieved, and have the 
capability to reduce the surface roughness to a minimum Ra of 3.024 µm. 
 
© 2022 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the Scientific Committee of the NAMRI/SME. 
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1. Introduction 

Inconel 718 is a nickel-based alloy and it is widely used in 
aircrafts, gas turbines, nuclear and fossil fuel power plants 
because of its superior mechanical properties. Aerospace parts 
are subjected to high mechanical and thermal loads during their 
service life, therefore parts used are required to have high 
density and high surface integrity [1]. Inconel 718 possesses 
high strength, corrosion resistance, fatigue resistance at high 
temperatures up to 650⸰C [2]. Though these properties are 
desired in applications with extreme conditions, they also make 
Inconel 718 difficult to machine. 

 
Nomenclature 

SLM           Selective Laser Melting 
IN718         Inconel 718 
ANOVA     Analysis of Variance 
Ra       Roughness Average 

 

 
For traditional machining processes on Inconel 718, the low 

thermal conductivity of the alloy would cause heat 
concentration at the tool tip during the machining process, 
which leads to accelerated tool wear and deterioration.  

Additive manufacturing introduces the possibility of 
producing complex shapes with this difficult-to-machine 
material, while avoiding the difficulties associated with 
traditional machining. Selective Laser Melting (SLM) is an 
additive manufacturing technique that uses a high-power laser 
to melt and fuse metallic powders [3]. A component is built by 
selectively melting and fusing powders layer by layer, till a 3D 
object is produced according to the CAD model of the object. 
In general, additive manufactured parts suffer from high 
surface roughness and porosity that usually occur at the surface 
of components due to staircase effect which stems from the 
layer-by-layer building process, balling effects [4], hatch 
marks, and cracks [5]. Post processing is a crucial step for 
additive manufactured parts to remove undesired imperfections 
from the surface. 
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Laser surface treatment is a non-contact method to reduce 
the surface roughness and improve the surface of a material. In 
laser ablation, the material under laser irradiation absorbs laser 
energy, and is heated to melting temperature, and subsequently 
to vaporization temperature leading to the removal of material 
from the surface [6]. The laser ablation process can be 
controlled to remove a layer from the surface of additive 
manufactured parts to remove undesired imperfections. Some 
studies have been carried out on the use of laser ablation to 
improve the surface of additive manufactured parts. 
Mohammad et al. [7] investigated the effect of laser ablation 
parameters on surface improvement of electron beam melted 
Ti-6Al-4V alloy. A range of laser fluences were applied on the 
surface. The best possible surface finish obtained was a 
roughness of about 13 μm. About 60% reduction in surface 
roughness was obtained. Campanelli et al. [8] investigated the 
optimization of the surface finish obtained by laser ablation on 
selective laser molten AISI 316L steel parts. The Taguchi 
method was used to find out the optimal process parameters for 
reducing the surface roughness. They found out that the higher 
scan speeds affected the surface finish. The laser power and 
repetition rates had to be set to the maximum value to optimize 
roughness. Kruth et al. [9] used optimized parameters for laser 
erosion to reduce the roughness of SLM CL20ES stainless steel 
from Ra of 15 μm to 6 μm, which was a 60% reduction.  

Limited literature exists on the use of femtosecond laser 
ablation to improve the surface of selective laser melted 
Inconel 718. A good amount of literature focuses on the use of 
microsecond, picosecond and nanosecond lasers for surface 
improvement in a process called laser polishing. In laser 
polishing, the laser melts the surface of the material and the 
liquid in the molten pool redistributes to the same level under 
the influence of surface tension and gravity. The liquid then 
solidifies and the surface roughness is reduced [10]–[14] . 

In this study, a femtosecond laser was applied to the surface 
of selective laser melted Inconel 718 using different 
combinations of laser energy, scanning speed and hatch 
distance. The purpose was to investigate the effects of the laser 
ablation parameters on the SLM IN718 surface, and determine 
the optimum parameters after analysis. 

2. Materials and Methods 

2.1. Experimental Setup 

The laser used for the laser ablation study was a Spectra-
Physics Spirit One Laser. The laser system delivers a pulse 
energy of up to 40 μJ at a repetition rate of 200 kHz, and an 
output of 1040 nm. The pulse width is 400 fs. 

Inconel 718 samples (10 × 10 × 10 mm) were manufactured 
using SLM. The composition of the as received Inconel 718 
powder used is shown in Table 1. The surface roughness of all 
the faces of the samples were measured, and the roughness 
average Ra was 13.04±0.5 µm. 

Table 1. Chemical composition of received IN718. 

Element Ni Cr Fe Nb Mo 
% 52.34 18.22 Balance 4.8 2.94 
Element Ti Al Co C Mn 
% 0.34 0.41 0.7 0.04 0.20 

Element Si P S B Cu 
% 0.012 0.09 0.05 0.05 0.25 

2.2. Focal Length Selection 

Before the laser ablation experiment was run, a test was 
conducted in order to select the appropriate focal distance of 
the laser system to match the height of the printed samples. 
Using the right focal distance ensures that the focal point of the 
laser falls exactly on the surface of the sample. The focal point 
is the point at which the laser beam diameter is the smallest. 
Laser fluence is defined as laser energy per unit area, therefore 
the smaller the incident diameter of the laser beam on the 
surface, the larger the fluence, and more material is removed. 
The focal length of the system was altered by changing the z-
value in the g-code. The effect of the z-values was tested by 
applying single pulses on the IN718 surface with a pulse energy 
40 µJ and z-values ranging from 114.5 mm to 114.95 mm with 
50 µm increments between them. The craters produced by the 
pulses were observed and measured using the microscope. The 
depths of the craters were measured, and z-value of 114.8 mm 
was selected, because it produced the crater with the smallest 
diameter of 20.61 µm and the largest depth of 92.81 µm. 

Fig. 1. Schematic of the laser setup 

2.3. Femtosecond Laser Ablation 

Three laser parameters were selected for this laser ablation 
study with three levels. The variables are pulse energy, 
scanning speed, and hatch distance. These parameters were 
selected based on literature and the results from previous 
experiments. Table 2 shows the parameters and their various 
levels. A full factorial experiment was used, with 3 replicates 
of each combination of the processing parameters. 81 runs were 
performed in total. The laser ablation was applied on 3 x 6 mm 
areas on the vertical surfaces of the SLM samples. 

Table 2. Parameters used with levels. 

Parameters Levels 

Pulse Energy (μJ) 4 20 36 
Scanning Speed (mm/s) 5 10 15 
Hatch Distance (μm) 10 30 50 

 
After the experiment, the surfaces of the samples were 

observed using a VHX 5000 microscope and the surface 
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roughness average Ra was measured using a Mahr M 300 C 
profilometer.  
 

Fig. 2. Laser setup used for the experiment 

3. Results and Discussion 

The roughness averages of the ablated surfaces of the 
samples were measured. The lowest roughness value recorded 
was Ra of 3.098 µm. An analysis of variance was performed to 
observe the significant of each of the parameters on the surface 
roughness. Table 3 shows the results of the ANOVA. 

Table 3. ANOVA results 

Source DF Adj SS Adj MS F-Value P-Value
Model 18 80.105 4.4503 28.38 0.000
  Linear 6 70.628 11.7713 75.06 0.000
    Pulse Energy 2 14.481 7.2404 46.17 0.000
    Scanning Speed 2 9.279 4.6394 29.58 0.000
    Hatch Distance 2 46.868 23.4341 149.44 0.000
  2-Way Interactions 12 9.477 0.7897 5.04 0.000
    Pulse Energy*Scanning 
Speed 

4 5.976 1.4941 9.53 0.000

    Pulse Energy*Hatch 
Distance 

4 1.638 0.4095 2.61 0.044

    Scanning Speed*Hatch 
Distance 

4 1.863 0.4656 2.97 0.026

Error 62 9.723 0.1568     
  Lack-of-Fit 8 2.059 0.2573 1.81 0.095
  Pure Error 54 7.664 0.1419     
Total 80 89.827       

 
The significance level selected for the analysis was 0.05 

[15]. Factors with p-values less than 0.05 are statistically 
significant, and factors with p-values greater than 0.05 are not 
statistically significant and do not have any effect on the output, 
which in this case was surface roughness. From the table, laser 
energy, hatch distance and the interaction between laser energy 
and scanning speed have an effect on the surface roughness. 
The Pareto chart in Figure 3 shows that the pulse energy and 
hatch distance both have the greatest effect on the roughness, 
followed by the laser energy.  

The plot in Figure 4 shows that the hatch distance is directly 
proportional to surface roughness. When the hatch distance is 
smaller, the degree of overlap between the individual laser 

tracks increases. An area on the material surface receives more 
laser pulses, and more material is removed, causing a greater 
reduction in roughness. A hatch distance too large leaves some 
portions of the material untouched by the laser in between laser 
tracks, leaving a minimal reduction in roughness. 

It was observed in Figure 5 that the roughness Ra was low 
with lower scanning speeds, and increased with higher 
scanning speeds. At slower speeds, the individual laser pulses 
are closer to each other and overlap, therefore an area on the 

Fig. 3. Pareto chart of the standardized effects 
 
substrate is exposed to more laser pulses. This causes more 
material to be ablated, reducing surface roughness. A high 
scanning speed increases the distance between the pulses and 
reduces the number of pulses the material receives per unit 
area, so the material is not evaporated as desired. 

At high pulse energy in Figure 6, the surface roughness 
produced is high. At low pulse energy, the roughness values are 
lower, and at intermediate level of laser pulse, the surface 
roughness values are at their lowest. Similar results have been 
observed in other surface improvement studies [16]–[18]. At 
low pulse energy, the laser only removes a minimal amount of 
material leaving some peaks on the material surface. The high 
pulse energy removes a relatively large amount of material per 
pulse, causing deep grooves on the surfaces, increasing surface 
roughness. 

Optimization of parameters was carried out using statistical 
software to achieve the optimal process parameters to minimize 
roughness [19]. The optimized parameters are shown in Figure 
5 in red colored text. They are; pulse energy of 20 µJ, scanning  

Fig. 4. Plot of hatch distance against average Ra with standard deviation 
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speed of 5 mm/s, and hatch distance of 10 µm. Under the 
optimized parameters, a minimum roughness of 3.024 µm can  
be achieved after the laser ablation process.  

Figure 8 shows the surface of the IN718 sample before and 
after laser ablation using the optimized parameters during the 
experiment. Before the application of the laser, the surface of 
the material was covered with balling effects and the surface 
was visibly rough. After the laser treatment, the roughness and 
the balling were reduced significantly. 

Fig. 5. Plot of scanning speed against average Ra with standard deviation 
 

  Fig. 6. Plot of pulse energy against average Ra with standard deviation 
 

4. Conclusions 

Femtosecond laser ablation for improving the surface 
roughness of SLM Inconel 718 was investigated by varying 
laser energy, scanning speed, and hatch distance. The 
performance measure for this investigation was surface 
roughness (Ra). The optimal process parameters were found 
using statistical analysis. Based on the results, the following 
conclusions were made: 

• Pulse energy, scanning speed and hatch distance are 
all significant to the surface roughness of the part after laser 
ablation. 

• Pulse energy and hatch distance have the strongest 
effect on the surface roughness. 

• Pulse energy set to 20 µJ, scanning speed set to 5 
mm/s, and hatch distance set to 10 µm produced the lowest 
surface roughness. 

• The surface roughness reduced significantly after only 
one cycle of laser ablation using the optimal parameters. 
Multiple passes should further improve the surface roughness.  

Fig. 7. Optimality plot of laser parameters for minimum Ra 

Fig. 8. (a) IN718 surface after printing, (b) IN718 surface after laser 
ablation with optimal parameters. 
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