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ABSTRACT

Additive manufacturing (AM) is a state-of-the-art technique that enables the production of 
advanced materials with complex designs. Nonetheless, many challenges remain in the addi-
tive manufacturing of nickel-based superalloy components, especially in revealing the effects 
of processing parameters on their microstructural characteristics. The present study aims to 
reveal the effect of laser energy density (LED) on porosity and microstructural features of the 
Inconel 625 (IN625) alloy produced by SLM using a newly developed SLM metal additive 
manufacturing machine (ENAVISION 250, Ermaksan, Türkiye) for the first time. The layer 
thickness was selected as 30 µm for all samples. The samples were produced with 9 different 
LED values (ranging between 0.78 and 2.80 J/mm) using a 350 W laser power and scanning 
speeds ranging from 125 to 450 mm.s-1. Optical microscope images of the polished and etched 
samples in the XY, XZ, and XY planes were studied. The influence of the LED intensity on both 
the quantity and morphology of the pores in the structure was evaluated. Spherical-shaped 
pores were identified in samples with LED levels of 1 J/mm and above. The porosities within 
the structure increased after the LED value attained 1.17 J/mm, simultaneously revealing an 
increase in pore size with the increasing LED value. The application of high energy density to 
the powders led to an increase in the solubility of gas, resulting in the formation of numerous 
spherical pores. This study indicated that the optimum LED value for IN625 alloy with a lay-
er thickness of 30 µm is 0.78 J/mm. The study offers significant insights into the correlation 
between LED value and the microstructural characteristics of superalloys fabricated by SLM, 
thereby aiding in the optimisation of SLM processing parameters for diverse components 
across various sectors, including aerospace, aviation, automotive, and defence industries.
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INTRODUCTION

Today, additive manufacturing (AM) is a popular tech-
nology that produces unique and complex components for 
various applications. AM offers many advantages, such as 

cost-effective products, strong and lightweight parts, flex-
ible designs, minimal material waste, ease of access, and 
rapid design and production [1]. This has resulted in an 
extraordinary expansion of AM technology's application 
area in just thirty years, making it an innovative alterna-
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tive in production and logistics processes. Investments in 
AM technology have increased the market volume from 
4 billion dollars in 2014 to over 21 billion dollars in 2020. 
Researchers predict that the growth rate in AM technology 
will increase year by year and reach 110 billion dollars in 
2033 [2]. Many developments in AM technologies and ma-
terials have stimulated the market for further investment 
in various sectors, such as biomedical, aerospace, space, 
and automotive, which have played an important role in 
increasing market volume [3]. 3D machine manufacturers 
and raw-material-producing companies play an essential 
role in the development of the AM sector. Analysis of the 
machine manufacturers in the AM market reveals that the 
leading producers are Sweden, Germany, France, the Unit-
ed Kingdom, Japan, the United States, and Canada [4], 
demonstrating that many developed countries have already 
invested in AM technologies. 

The production of alloys with complex microstructural 
features, such as IN625, is challenging due to the process-
ing conditions of additive manufacturing, e.g., rapid solid-
ification and layer-by-layer processing [5, 6]. Producing 
high-density components is critical since the mechanical 
properties of produced parts are highly related to the den-
sity of processed components. Enhanced porosity elevates 
the stress per unit volume within the material and reduces 
its mechanical characteristics [7]. To achieve the target den-
sity, it is essential to optimise the characteristics of the raw 
materials, including particle shape, surface morphology, 
particle size distribution, and internal porosity. This opti-
misation is crucial in producing metallic components using 
laser powder-bed fusion (LBPF) methods [8–11]. For in-
stance, Field et al. [12] obtained tungsten powder with two 
different characteristics by chemical methods and plasma 
atomization. Both tungsten powders possess high purity; 
however, they exhibit variations in size distribution, mor-
phology, thermal characteristics, and flow properties. The 
study found that the material displayed a higher density 
when utilising powders produced through plasma atomi-
sation, as these powders demonstrated superior sphericity 
and a more uniform particle size distribution than those 
produced via the chemical method. 

Selective laser melting, the most industrially popular 
method among LPBF technologies, is a AM method that 
produces 3D components by melting a bed of fine metal-
lic powders layer by layer using a laser beam [4, 13, 14]. 
It is a highly complex technology controlled by multiple 
process parameters such as layer thickness, laser power, 
scanning strategy and speed, chamber atmosphere, sup-
port structures, and building orientation [15]. Four basic 
parameters, such as laser power P [W], scanning speed 
v [mm.s], distance between two consecutive laser scans 
h [mm], and layer thickness d [mm], are utilised to cal-
culate the "Laser Energy Density" (LED=P/v.h.d) [J/mm] 
[16, 17]. These parameters significantly determine ma-
terial performance because they alter the heat input to 
the powders per unit weight. By increasing the scanning 
speed or reducing the laser power, the linear energy den-
sity of the laser input decreases [18–20].

The LED value affects the densification process and is 
critical in determining the density-to-porosity ratio and 
the material's final microstructure [21, 22]. For example, 
Sadowski et al. [23] produced Inconel 718 at a constant 
scanning speed of 200 mm/s and different laser powers 
between 40 W and 300 W. The cross-sectional images 
of the laser scanning lines showed that the laser power 
of 40 W was insufficient for melting due to the insuffi-
cient energy, leading to void in the microstructure. Upon 
increasing the laser power to 100 W, it was noted that 
complete wetting did not occur, and pilling continued. 
Upon increasing the laser power to 150 W, pilling was 
eliminated, and it was established that the laser strength 
could melt three layers of powder. With an increase of 
laser power to 200 W and 300 W, the stability of the melt 
pool diminished, resulting in a reduced solidification 
rate. Similarly, Yi et al. [24] investigated the effect of LED 
value (values ranging from 0.1 J/mm to 0.3 J/mm) on 
the microstructural properties of IN718 alloy produced 
by SLM. It was determined that the number and size of 
pores were minimised at the 0.2 J/mm LED value. When 
the line laser energy increased to 0.3 J/mm, pores were 
detected in the inter-pool regions due to poor overlap of 
the melt pool boundary, resulting in a decrease in me-
chanical properties.

Based upon the presented literature review, it is nec-
essary to determine the LED value range to produce 
demanding engineering components with superior me-
chanical properties and optimised microstructural fea-
tures. The present study aims to reveal the effect of laser 
energy density on porosity and microstructural features 
of the Inconel 625 alloy produced by SLM using a newly 
developed SLM metal additive manufacturing machine 
(ENAVISION 250, Ermaksan, Türkiye), for the first time. 
Thus, a wide range of LED values are selected to under-
stand the influences of LED values on the porosity and 
microstructural features of the IN625 alloy. It is aimed 
to establish a clear correlation between the LED value 
and the porosity ratio and the optimum LED value for 
a layer thickness of 30 µm for producing IN625 alloy, 
which has yet to be studied in the literature. Thus, the 
study also provides significant outcomes for the academ-
ic and commercial use of the Ermaksan Enavision 250 
AM Machine, contributing to the field of metal additive 
manufacturing in Türkiye.

MATERIALS AND METHODS

Materials
Ermaksan A.Ş. supplied gas-atomised IN625 powder, 

and the chemical composition, particle size, and particle 
shape of the metal powder were analysed. The chemical 
composition was measured using an Agilent ICP-OES 
instrument. Table 1 shows the chemical composition of 
the IN625 alloy powder used in the study according to 
the ASTM F3056 standard. The particle size distribution 
(PSD) of IN625 powder was measured using a Malvern 
Mastersizer 3000E. According to the analysis, the average 
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particle size (D50) was 30.7 µm. IN625 powder images 
were examined using a ZEISS brand GEMINI SEM 300 
model electron microscope. Particle size distribution and 
powder images are given in Figure 1.

Additive Manufacturing of Samples
Considering the challenges associated with SLM pro-

cessing, we have performed initial investigations, includ-
ing single-line scanning studies under various conditions, 
to achieve sufficient melting, wettability, and a linear metal 
line concerning layer thickness. Thus, all parameters were 
selected based on insights derived from preliminary studies 
and a review of the relevant literature. In this work, density 
optimisation was performed, which is among the first and 
most critical factors regarding material performance in SLM 
production. Density values varying according to the LED 
value were measured, and the maximum density was tried 
to be obtained. LED value is expressed as the ratio of laser 
power to scanning speed. With the laser power measured in 
watts (joule/s) and scanning speed in mm/s, the linear ener-
gy density (LED) value is calculated in joule/mm. This value 
represents the energy applied by the laser to the powder per 
millimetre. This energy influences metallurgical phenome-
na such as melt pool size, width, solidification rate, atomic 
diffusion, and grain size [25, 26]. The most important pa-

rameter we use in IN625 part production is the LED value 
that maximises the intensity. The single-line scanning study 
was conducted to determine the ideal LED (j/mm) value for 
achieving sufficient melting, wettability, and a linear metal 
line in relation to the layer thickness. The LED values de-
termined for production in the study are shown in Table 2. 
The production process with SLM was carried out with an 
Ermaksan ENAVISION 250 SLM machine. The device is 
equipped with a standard IPC laser, featuring a laser beam 
diameter of 0.4 mm. The scanning range is 0.1 mm with a 
rotation of 67 degrees. The machine possesses a production 
area volume of 250 mm x 250 mm x 250 mm with an adjust-
able layer thickness precision of 1 µm. The production was 
carried out under an argon atmosphere.

Microstructural Characterisation
The XY, YZ, and XZ planes of the samples produced for 

9 different LED values were analysed. This study investigat-
ed the effects of SLM production parameters on the melting 
pool and grain shape of each sample produced with varying 
values of LED. Various metallographic processes were ap-
plied to the samples before microstructural analysis. Firstly, 
samples with dimensions of 10x10x30 mm3 were cut in XY, 
XZ, and YZ planes with a METKON brand microcut 150 
model precision cutting device. The specimens were then 

Table 1. Chemical composition of IN625 alloy powder

Elements Ni Cr Mo Nb Mn Fe Si Al C

ASTM F3056 (wt. %) Rest 20–23 8–10 3.1–4 max. 0.50 max. 5 max. 0.50 max. 0.4 max. 0.10
This study (wt. %) Rest 21.5 8.9 3.5 0.02 1.07 0.07 0.15 0.04

Table 2. LED values for the AM production of IN625 alloy

Sample code 1 2 3 4 5 6 7 8 9

Laser power (W) 350 350 350 350 350 350 350 350 350
Laser scanning rate (mm/s) 450 400 350 300 250 200 175 150 125
LED value (J/mm) 0.78 0.88 1.00 1.17 1.40 1.75 2.00 2.33 2.80
LED: Laser energy density

Figure 1. SEM images and particle size distribution of IN625 powders; (a) particle morphology (b) particle size distribution.

(a) (b)
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baked in a cold mold. The samples were grinded with 320, 
600, 1000, and 2000 grit SiC abrasives (Akasel, Denmark). 
Then, a gradual polishing was performed with 9, 3, and 1 
mm diamond solutions (Akasel, Denmark). The samples 
were etched with 15 ml HCl + 10 ml HNO3 + 5 ml CH-
3COOH solution for 180 s at room temperature to reveal 
the microstructure. Microstructural images in polished and 
etched positions were analysed in three dimensions with an 
Olympus BX41M-LED model optical microscope. Finally, 
the final densities of the samples were determined by mea-
suring them with an AND GR-200 brand precision balance 
according to the Archimedes method [27].

RESULTS AND DISCUSSIONS

The recent literature indicates that the mechanical prop-
erties of materials in laser powder bed metal additive man-
ufacturing technologies are influenced by various process 
parameters, including particle properties, machine proper-
ties, production parameters, part variables, and post-pro-
duction process parameters [28–32]. Figure 2 depicts a 
schematic illustration of the factors that influence the qual-
ity of parts in the SLM method. Powder raw material affects 
part quality depending on its properties, such as chemical 
composition, particle size, particle morphology, particle 
size distribution, fluidity, and packaging factor [33]. It is 
desirable that the powder raw material's chemical composi-
tion be low in terms of oxygen and hydrogen content [34]. 
On the other hand, it is preferred that the powder parti-
cles be in the range of 15-60 µm to have a high fluidity and 
packaging factor for the powders laid layer by layer. An-
other powder-induced parameter that affects part quality 
is particle shape. Particle morphology affects metal powder 
fluidity, packing factor, and spread powder layer roughness. 
In order to ensure high fluidity, the particles used in this 
method are required to have a spherical shape [35]. In ad-
dition, a high packing density offers more homogeneous 
melting at lower laser energy.

The powder's particle size distribution is another raw 
material-based parameter that affects packing density. It 
is expected that the particles should be distributed over a 

wide size range instead of a single size. The final and relative 
density values of the samples produced in the study are giv-
en in Figure 3. As can be seen, the highest final density val-
ue was measured in the sample produced with a 0.78 J/mm 
LED value. As the LED value increased, the final densities 
decreased. When the relative density values were analysed, 
it was determined that the sample produced with a 0.78 J/
mm LED value reached 99.86%. This ratio is well above the 
average density value seen in the samples produced with 
SLM. Microstructural characterisation processes were car-
ried out in the study to verify the measured density values. 
Polished and etched specimen images in all axes (XY, XZ, 
and YZ) are given in Figure 4 and Figure 5, respectively. 
Laser power, scanning speed, distance, pattern, powder bed 
temperature, and atmospheric oxygen content affect SLM 
part quality [37]. According to the layer thickness select-
ed during manufacturing, the metal powder emitted by the 
recoater interacts with the laser while moving by the ma-
chine software according to the cross-section of the com-
ponent. During this interaction, a very small melting pool 
is formed, and the melting pool solidifies very quickly. The 
solidification speed is approximately 104-106 °K/s [38].

Figure 2. Schematic diagram of SLM process quality. Reproduced under the terms of the CC-BY Creative Commons At-
tribution 4.0 International License [36]. Copyright 2018, The Authors, published by IOP Publishing.

Figure 3. Final and relative densities of samples produced 
at different LED values. The relative densities of the samples 
are determined by dividing the final densities of the sam-
ples by the theoretical density.
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The melt pool formed by laser-powder interaction and 
cooling and metallurgical events during solidification af-
fect part quality and mechanical properties. Density mea-
surement and microstructural analysis of the produced 
material are the first study outputs to optimize param-
eters. Microstructural analysis can determine the types 
of porosities formed by laser-powder interaction in SLM 
materials, while material density gives us an idea of the 
number. Information about the pore morphology will 
help determine the suitability of the applied LED values. 
Low LED values cause a lack of fusion, leading to many 
porosities in the internal structure [39]. However, neg-
ligible pore formation is observed at medium and high 
LED values. Regarding mechanical properties, the pore 
structure formed at low LED values is considered more 

dangerous than the structure obtained at medium and 
high LED values [40]. The material's fatigue strength is 
considerably reduced by the pore morphology, particu-
larly at low LED values, as indicated by the relevant re-
search [41]. Therefore, some critical parameters should 
be optimized to produce metallic materials with superi-
or performance by SLM. Figure 4 gives the 3D display of 
three-axis polished microstructure images. When Figure 
4 is analysed, many macro-sized porosities are observed 
in the samples produced at 1 J/mm LED value for IN625. 
The increase in gas solubility in the structure due to high 
energy density increased the amount of porosity [42, 43].

The solubility of gas in the liquid metal increases as a 
result of the elevated temperature. As a result of the excep-
tionally rapid cooling rate, the gas dissolved in the solidified 

Figure 4. 3D display of three-axis polished microstructure images according to LED values: The numbers in the upper left 
corner represent the LED values.
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metal becomes trapped and creates spherical pores. These 
porosities are known as gas bubbles [44, 45]. Due to the 
melting temperature of the IN625 alloy (1350 °C), poros-
ities were formed in the structure at 1.17 J/mm and high-
er LED values in the study. Figure 5 gives the 3D display 
of three-axis etched microstructure images. Figures 4 and 
5 demonstrate that porosities are not confined to a single 
plane but occur in all XY, XZ, and YZ planes. Consequently, 
the microstructures analysed in the study are found to be 
consistent with the measured density values (Fig. 3).

Materials produced with SLM can exhibit three dis-
tinct types of cracks. These cracks can be categorized as 
solidification cracking occurring along the solidifying 
layer due to tensile stress caused by thermal contraction, 
liquefaction cracking affecting the partially molten zone, 
and delamination [40]. Another problem encountered in 

Figure 5. 3D display of three-axis etched microstructure images according to LED values: The numbers in the upper left 
corner represent the LED values.

Figure 6. Melt pool depth measurement.
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the samples produced with SLM is the ‘Marangoni Con-
vection’ [42], leading to discontinuities in the microstruc-
ture. Marangoni convection is the reversal of the melt 
flow in the melt pool in the event of a local change in 
surface tension. This increase in surface tension from the 
centre of the heat source outwards can cause fluid flow 
circulation, called Marangoni convection. Marangoni 
convection tends to lower the temperature and change 
the melt pool geometry [46]. As a result of flow reversal, 
discontinuities and balling are observed in the micro-
structure. Increased scanning speed amplifies the impact 
of Marangoni convection and liquid capillary instability 
[47]. Therefore, the formation of Marangoni convection 
leads to a decrease in the mechanical properties of the 
material. Upon analysis of Figure 5, this particular type 
of crack was not observed. All samples in the study were 
created with a layer thickness of 30 µm. To regulate the 
thickness of the layer, the width of the melt pool was as-
sessed at multiple points using the ImageJ software and 
then averaged. Figure 6 shows the regions where the melt 

pool widths of IN625 alloy were measured and the aver-
age width value. The average of ten different melt pool 
depths was measured as 32 µm. Therefore, it is seen that 
the melt pool depths are compatible with the 30 µm layer 
thickness targeted in the study.

Figure 7 displays the presence of dendritic and coaxial 
growths in the microstructure, which can be attributed to 
variations in the cooling rate. The melt pool traces formed 
during laser beam scanning are readily observable in the 
microstructure. As a result of the scanning strategy, the 
melt pool traces seem to be partially overlapping. The mi-
crostructure exhibits cell-like and columnar dendritic for-
mations. In addition, melt pool boundaries passing through 
the grain interiors were observed in the images. The etched 
images clearly demonstrate the porosities caused by high 
LED values (Fig. 7). In this respect, it is possible to say that 
the microstructure images and measured density results are 
compatible. According to the SLM machine and powder 
properties used in the study, the most suitable LED value 
for IN625 alloy was determined as 0.78 J/mm.

Figure 7. Optical microscope image of the etched interface of the XZ plane according to LED values: The numbers in the 
upper left corner represent the LED values.
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CONCLUSION

This study aims to clarify the impact of laser energy 
density on the porosity and microstructural characteristics 
of Inconel 625 alloy fabricated via selective laser melting 
(SLM) with a newly developed SLM metal additive manu-
facturing machine (ENAVISION 250, Ermaksan, Türkiye), 
for the first time. The main objective is to establish a clear 
correlation between the LED value and the porosity ratio, 
as well as to determine the optimal LED value for a layer 
thickness of 30 µm in the production of IN625 alloy. The 
critical findings of the study are summarised below. 
• The highest relative density value was measured in the 

sample produced using an LED value of 0.78 J/mm (350 W 
laser power, 450 mm/s scanning speed) with 99.86%. Rela-
tive density values decreased with increasing LED value.

• Analysis of the microstructure images from the XY, XZ, 
and YZ planes revealed that the porosities within the 
structure increased after the LED value reached 1.17 J/
mm. In addition, because of the increasing LED value, 
an increase in the pore size was also detected.

• The measurements of the melt pool width indicated 
that the intended layer thickness of 30 µm was achieved. 
This study successfully optimised the process, resulting 
in the production of the IN625 alloy via the SLM tech-
nique, achieving a density that closely aligns with the 
theoretical value.
The present study aims to reveal the effect of LED on 

porosity and microstructural features of the IN625 alloy 
produced by SLM using a newly developed SLM metal ad-
ditive manufacturing machine (ENAVISION 250, Ermak-
san, Türkiye), for the first time. The study mainly provides 
qualitative analysis regarding the impact of LED values on 
the porosity and microstructural characteristics of IN625 
alloy, with statistical data included only to elucidate the fi-
nal and relative density values of the samples in relation to 
LED values. Consequently, based on the data presented, it is 
recommended to conduct future experimental research to 
quantitatively assess the outcomes of this study, specifically 
examining the change of pore size and distribution in rela-
tion to LED values by statistical analysis. Future research 
should also focus on producing new materials with varying 
layer thicknesses, atmospheric condition, and powder char-
acteristics utilising the ENAVISION 250 MAM machine, 
with the objective of fabricating critical components across 
multiple sectors, including aerospace, aviation, automotive, 
and defence industries.
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