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Abstract 

Selective Laser Melting (SLM) is an additive manufacturing technology which allows to create mechanical parts by 
superimposing layers of selectively-fused metal powder one over the other. The current study is carried out in the frame 
of FAIR project, leaded by Air Liquide Company, with the objective of manufacturing by SLM and certifying a prototype 
of exchanger-reactor.  
A number of SLM trials were carried out on simple geometries or channeled samples to optimize the SLM process (laser 
power, scan speed, focus spot, building strategy …), with the first objective to generate samples combining a minimum 
of porosity with as good as possible surface finish, while respecting a good geometrical accuracy. This objective was 
mostly reached on simple cubic and channeled samples. 
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1. Introduction  

Additive manufacturing (AM), also knew as 3D printing or rapid prototyping, is the process which consists 
in joining materials to make parts from 3D model data, usually layer upon layer (ISO/ASTM 52900:2015 
2015). The use of this technology with metallic powders is developing since the beginning of 2000. At first, 
this process was used for prototyping, but now it has reached a maturity which permits to use it profitably 
and functionally in industry. Currently this new industrial sector is in full growth and finds numerous 
applications across various fields such as aeronautics and space, medical, energy and automotive. The 
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principle of the Selective Laser Melting process (SLM) is to melt a thin layer of metallic powder using a high-
power laser, and to superpose the layers on the others (EPMA 2015), (Campanelli et al. 2010).  

The atmosphere of the construction chamber of the machine must be controlled during the entire 
production process. Moreover, the particles size of powders should be less than 50 μm and thickness layer is 
usually less than 100 μm. This process permits to use a wide range of metallic materials. 

2. Experimental procedure and analysis methods 

The FAIR project, which includes this study, aims to produce IN625 parts for heat exchangers and 
intensified reactors by SLM. These parts are composed of vertical multi-channels with millimeter diameter. 
The objective is to obtain parts with a minimum of porosity and a surface finish as low as possible in order to 
meet the geometric and mechanical requirements imposed by the project. A first part of the present study is 
carried out on dense cubic parts, while the second part focuses on channels samples. 

Samples are made on a SLM125 HL machine (SLM Solutions GmbH). The powder is gas atomized. Fig. 1 
shows the particles global morphology which is mostly spherical, and gives the particles size distribution of 
the powder. The real chemical composition of the powder can be found in the Table 1.  

 
 

 
 

Fig. 1. (a) SEM analysis of Inconel 625 powder ; (b) Histogram of particles size distribution  

Table 1. Chemical composition of the powder 

Elements  
(Weight percent) 

Ni Cr Mo Fe Nb + Ta Al Ti Mn C 
Total all 
other 

 Balance 22 9 4 3,62 0,11 0,17 <0,10 0,02 <0.15 

 
The correct use of the SLM process depends on many parameters (Trevisan et al. 2017) summarized in 

Table 2 and illustrated in Fig. 2. In this study we address the influence of these parameters on material's 
health (density, surface finish and geometric accuracy). 
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Table 2. Main manufacturing parameters in SLM 

Parameters and manufacturing strategies  Units Notes 

Machine parameters   
Laser power (P) W Can vary between samples of the same batch 
Scan velocity (V) mm/s Can vary between samples of the same batch 
Hatch (h) µm Can vary between samples of the same batch 
Laser beam diameter (D) µm Can vary between samples of the same batch 
Powder layer thickness (Δz) µm Can not vary between samples of the same batch 
Rotation angle (α) ° Can vary between samples of the same batch 
Material and environment parameters   
Powder chemical composition   Can not vary between samples of the same batch 
Powder particles size µm Can not vary between samples of the same batch 
Atmosphere inert gas  Can not vary between samples of the same batch 
Strategy parameters    
Contour strategy  (border, fill-contour)  
Scanning strategy (hatching)  

 Can vary between samples of the same batch 

Number of borders and fill-contours  Can vary between samples of the same batch 

 
 

 

Fig. 2. Simplified schematic of the laser/powder interaction in the SLM process; (a) side view ; (b) top view ; (c) schematic of the laser 

path for one squared layer. Scanning parameters (P, V, D) can vary separately for borders, fill-contour and volume hatching. 

Many authors such as (Kaufmann et al. 2016), (L. N. Carter et al. 2016) or (Trevisan et al. 2017) have used 
a unified and simplified laser scanning parameters called “Volume Energy Density” (VED) given by the 
following formula (1) : 

𝑉𝑜𝑙𝑢𝑚𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚𝑚−3) =  
𝑃 (𝑊)

𝑉 (𝑚𝑚.𝑠−1)
∙

4

𝜋 ∙ 𝐷2  (𝑚𝑚−2)    (1) 
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2.1. Experimental procedure 

The first tests are carried out on small solid squared samples in order to correlate the density of the 
samples (indirectly the capacity of the SLM process to densify the powder correctly) to the VED delivered by 
the process. The powder layer thicknesses considered was 50 µm for VED varying between 36 J.mm

-3
 and 

210 J.mm
-3

, by modifying the power P, the speed V or the beam diameter D of the laser.  
The second series of tests are carried out on samples with vertical channels in order to determine the 

influence of the number of borders and fill-contours on the surface roughness of the samples (particularly 
important in the channels, which will be subsequently coated with catalyst) and on their density. The 
variation of the border's VED is also studied. For this purpose, an efficient hatching VED (56 J.mm

-3
) obtained 

from the results of the first tests (Fig. 4) was chosen. Concerning the border, we also chose a VED which 
theoretically densifies correctly the material (according to Fig. 4), and we varied it between 34 J.mm

-3
 and 86 

J.mm
-3

 by modifying the scanning speed V of the laser. 
 

 

Fig. 3. Example of a CAD Magics scene used to create cubic samples and samples with 9 channels 

2.2. Analysis methods 

 Density measurements: the density measurements of the samples are carried out by the Archimedes 
method, which consists in weighing a sample in the air and then in a fluid. From the determination of 
these two masses and the densities of the fluid and the air, it is possible to calculate the density of the 
samples thanks to the formula (2), given by (Spierings, Schneider, and Eggenberger 2011). 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑚𝑎𝑖𝑟

(𝑚𝑎𝑖𝑟−𝑚𝑓𝑙𝑢𝑖𝑑)
 ∙  (𝜌𝑓𝑙𝑢𝑖𝑑 − 𝜌𝑎𝑖𝑟) + 𝜌𝑎𝑖𝑟      (2) 

A Mettler Toledo XS203S balance equipped with a specific density measurement device for solid 
materials is used. The fluid chosen for the measurements is demineralized water and the result retained 
is averaged over 5 measurements. In our case, due to numerous uncertainties in the measurement 
(variation in the density of water with its temperature, presence of surface air bubbles or open 
porosities), this technique does not permits to obtain fully quantitative results, but rather allows a 
qualitative comparison between samples. Another technique was used to estimate porosity ratio in 
samples with channels. It consists in analyzing optical micrographs of samples’ cross section. In our case 
we use a magnification of x100 and we consider the average of 25 micrographs for each sample. 
According to (Spierings, Schneider, and Eggenberger 2011) these results are difficult to compare with 
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those obtained via the Archimede's method, which consider the whole sample volume.  However, it can 
provide interesting tendencies.  

 
 Surface roughness: a mechanical profilometer Veeco Dektak 150 is used to qualify the surface roughness 

of a 3.5 mm x 3 mm surface, using a stylus with a diamond tip radius of 12.5 μm. This technique permits 
to observe macro-agglomerates which are systematically evidenced, especially for high VED values. 

 
 Geometric accuracy: in our case, the geometric accuracy of the channels must be verified and as good as 

possible.  We use a micro geometrical factor C which describes the presence of micro-defects (such as 
stuck particles or cavities) on the surface of the channels. It was calculated thanks to a Python program 
and the analysis of channels sections micrographs with the relation (3) found in (Kasperovich et al. 
2016).  

𝐶 =  
4 .  𝜋 .  𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2         (3) 

 Microstructure and SLM beads: two types of etchants (Table 3) have been used to reveal either the 
microstructure or the bead's shapes (Voort 2003), (Baldwin 2004).  

 

Table 3. Types of etchants used to observe the microstructure or Inconel 625 SLM beads 

To observe  chemical composition  notes 

SLM Beads 92 % HCl 
5 % H2SO4 
3 % HNO3 

Mix H2SO4 with HCl. Then add HNO3.  Use under an extractor hood. Use a 
fresh mixture only and throw it when turns orange. Immerse samples during 
20 seconds. 

Microstructure  95 % HCl 
5 % H2O2  

Use under an extractor hood. Use a fresh mixture only. Immerse samples 
during 15 seconds. Attacks γ’. 

3. Experimental Results 

In the following section, we have considered the influence of various process parameters on surface 
finish, geometric accuracy and material's density, all of these factors being potentially important for the final 
properties of an intensified reactor manufactured by SLM. Standard cubic samples or samples with 9 
channels (Fig. 3) were considered. 

3.1. Influence of the scanning VED on the density and microstructure of standard cubic samples  

As shown in Fig. 4, samples porosity decreases quickly with increasing VED. Above a given threshold VED 
value (near 70 J/mm

3
), the porosity rate reaches a minimum (0.1-0.2 %) for which the densification is 

considered to be optimum. These results are similar to these one found by (Kaufmann et al. 2016), (Gu et al. 
2013) or (Campanelli et al. 2010). Interestingly, the porosity rate tends to increase again for VED > 170 
J/mm

3
, maybe due to an intensification of spatters susceptible to contaminate the powder bed. 

The Table 4 shows the influence of the VED on as-build SLM microstructures. For low VED (40 J/mm
3
) a 

significant amount of residual porosities is found out, which tends to disappear at higher VED (> 60 J/mm
3
). 

Due to a pronounced vertical gradient G (K/m) along the building direction, such microstructures exhibit 
mostly columnar grains, except nearby the porosities where grains are found to be equiaxed. This explains 
the epitaxial growth of grains. Such columnar microstructures are usual after SLM as shown by (Luke N. 
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Carter et al. 2014), (Srinivasan, Baicheng, and Jack 2015), (Marchese et al. 2016). With higher DEV (150 or 
200 J/mm

3
), columnar grains tend to grow up and their aspect ratio (length over width) is reduced.  

 

 

Fig. 4. Porosity (%) plotted against VED values: an optimum densification is obtained above 70 J/mm3 

Table 4. Influence of the VED on Inconel 625 microstructures (the (O-z) building direction is vertical 

3.2. Influence of contour strategy on the channels morphology, samples density and roughness  

Three different samples were manufactured with similar hatching, fill-contours and border VED, but with 
an increase of contour (= border + fill contour) numbers (Fig. 2b). We can globally observe that the increase 

VED 
(J.mm-3) 

40  60  90 

 

 

 

 

 

 
VED 
(J.mm-3) 

120  150  208 

 

 

 

 

 

 



 7 

of borders’ number increases the porosity rate near the holes (0.1 to 0.25 %), but improves the surface 
roughness and the micro-geometrical factor, as summarized in Fig. 7. An excessive amount of input energy in 
the border strategy is assumed to be the main reason for such degradation of porosity rate near contours, in 
locations where heat dissipation is limited by the low conductivity of surrounding powder bed. Thus 
generates depth beads such as keyhole and that could entraps gas. Surprisingly, micro-geometrical factor 
appears to be really low (compared with an optimum value = 1), whereas micrographs exhibit quite good 
circular sections (Fig. 5). This can be explained by the effect of tiny and stuck particles as seen on Fig. 6. 

 

Fig. 5. (O, x, y) Cross sections of channels with 1, 2 or 3 borders 

 

Fig. 6. Observation at higher magnification of stuck particles on channels surface 

 

Fig. 7. Surface roughness, porosity and circularity plotted against the number of borders 
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Table 5. Influence of the borders and fill-contours number on Inconel 625 microstructures 

 
We also studied the influence of those parameters on the microstructure as it can be seen on the   

Sections 1 border ; 0 fill-contour  3 borders ; 2 fill-contours 

(0, x, y) cross 
section  

 

 

 

O, z, x 
 
Z is vertical 
 
External 
sample 
contour 

 

 

 

O, z, x 
 
Z is vertical 
 
Wall between 
channels  

 

 

 

Wall 
between 
channels 

External 
sample 
contour 

Hatching 
zone 

Border(s) 
zone 
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Table 5. It appears that the microstructure located near the holes (borders zone) can be equiaxed in a (0, 
z) section or columnar in the (0, x, y) plan (Fig. 8). This could be explained by the fact that the grains growth, 
considering only one layer, follows the thermal gradient which depends on the manufacturing steps (borders 
first, then fill-contours and finally hatching). The microstructure located on the hatching zone is columnar 
along the (0, z) axe.   
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Table 5 shows it clearly. Moreover it can be observed that main porosities are located in the borders (Fig. 
7). In the case where samples have many borders, the walls which separate the different channels are too 
thin to allow the presence of a hatching zone. Those walls undergo the repeated scanning of the borders and 
fill-contours. This is probably the main source of porosities because those zones are melted and re-melted 
too many times. Moreover, lower heat dissipation near the holes implies higher local temperature. The 
situation is similar to the keyhole mode and leads to the creation of porosities. On the other hand, this 
permits to have a good surface roughness on the channels. In the first case, with only one border, the 
microstructure is relatively homogeneous and samples do not shows a lot of porosity, but exhibit visually a 
high surface roughness and a low circularity. The increase of borders’ number reverses those tendencies (Fig. 
7).  

 
 

Fig. 8. (O, x, y) section showing columnar grains near the channels (in the borders zone)  

In a second step, all samples were made with two borders and one fill-contour, and similar VED for 
hatching. We only considered the influence of border’s VED as an influent factor. As shown in Fig. 9, the 
porosity rate tends to decrease with the border’s VED to reach an acceptable lowest value (0.06 %) between 
15% and 30 %. Much lower VED (-60 %) can introduce a lack of fusion which tends to further increase the 
porosity rate. External roughness data measured thanks to a mechanical profilometer are difficult to analyze 
and do not exhibit clear variation with VED, maybe due to the position of the samples on the building 
platform, where some samples are more susceptible to receive metallic projections during the process. 
Finally the decrease of border’s VED tends to degrade the channels micro-geometrical factor (from 0.7 to 
0.5), because layers become more visible at low VED values, and stuck particles are statistically more 
present. 
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Fig. 9. Surface roughness, circularity (a) and porosity (b) plotted against the decrease of the border’s VED 

4. Conclusion 

An optimization of the SLM process was shown on Inconel 625 alloy, considering standard cubic samples, 
or samples with channels, including specific investigation on the influence of contour or hatching conditions.  
Optimum SLM conditions could be found for the two kinds of samples, considering a reduction of average 
roughness and porosity rate with dedicated volume energy densities or contour strategies. Final 
microstructures of as-build Inconel 625 were found to be columnar, and oriented along the main thermal 
gradient, except nearby the porosities. Future work will tend to optimize heat treatments to fulfill the 
requirements of mechanical resistance. 
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