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Selective laser melting (SLM) is one of the modern methods of additive manufacturing, which allows creating high-den-
sity parts with a unique geometry from metal powder. To improve the efficiency of the SLM process, it is desirable 
to increase the width of the melt pool, as this will increase the distance between the laser passes and a larger volume 
will be built in a shorter period of time. However, the formation of the outer surface by large tracks will result in its 
higher roughness, which can significantly reduce the overall reliability of a product. To improve the surface quality, it 
is necessary to reduce the size of the melt pools, for example, by reducing the diameter of the laser focal spot. The sam-
ples were examined produced at different focal spot diameters using the same laser power. Based on the results of the 
analysis of technological parameters of the process, it was established that to increase the efficiency of SLM-process, 
printing of the main body of a product can be performed at an increased laser beam focal spot diameter, and to provide 
a high surface quality, printing of a contour part (shell) should be more performed using a more localized focal spot. 
According to the redistribution of power along the cross- section of the beam, a change in the configuration of the melt 
pool, and accordingly the track occurs. It was established that in order to avoid the formation of deep remelting due to 
a high concentration of energy in the center of the beam, it is necessary to reduce the laser power. 29 Ref., 6 Figures.
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Additive manufacturing (AM) as a method of parts 
fabrication is becoming increasingly important in re-
cent years [1]. Selective laser melting (SLM) is the 
process of AM consisting of three main stages: 1 — 
deposition of a layer of powder with a thickness from 
20 to 50 μm on the construction platform; 2 — melt-
ing of the powder layer by a laser source based on pre-
viously imported data of 3D-CAD models; 3 — low-
ering of the construction platform and restart at the 
point 1. The powder is usually applied with a poly-
mer or rubber scraper. SLM allows manufacturing 
high-density parts with a unique geometry from metal 
powder. In addition, due to the possibility of reusing 
unmelted metal powder, SLM is almost waste-free 
technology [2, 3]. Moreover, only a small amount of 
further treatment (polishing, sandblasting, heat treat-
ment) of parts manufactured by the additive method 
is required, so that expensive value-added processes 
can be minimized [4]. Studies of the last two decades 
have mainly focused on the influence of different pro-
cess parameters on its stability and the resulting mi-
crostructure and properties of materials [5–7].

The studies of stainless steel by Gu et al. [8] 
showed that such parameters as laser power and scan-
ning rate affect the porosity and evolution of the mi-

crostructure in different ways. Yang et al. [9] experi-
mentally showed that quality of a product primarily 
depends on scanning rate, laser power and layer thick-
ness. In a statistical study, the relative importance of 
each process parameter was studied and it was found 
that scanning rate is the parameter that has the most 
intensive influence [9]. A low scanning rate provides 
a complete melting of particles and a dense structure, 
but the process efficiency is significantly reduced. 
At very low scanning rates, instability of a melt pool 
causes a nonuniform melting along each track, which 
leads to a high surface roughness and a high volumet-
ric porosity due to the effect of ball formation [10, 
11]. At high scanning rates, a short-term interaction 
between the material and the laser beam causes the 
formation of narrow melt pools, which also leads to 
an increased surface roughness [11]. In addition, very 
high scanning rates can provoke an increased porosity, 
as well as the formation of thermal cracks as a result 
of high cooling rates [12]. According to the results of 
[13], at a high laser power density, a larger melt pool 
with a higher temperature is achieved. A fairly large 
melt pool leads to a good melt distribution and to a 
completely dense printing.
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Thus, finding the optimal scanning rate is a com-
promise between the efficiency and quality of the con-
struction process.

Not only the process parameters have been im-
proved, but also the equipment for the SLM process 
has undergone significant changes. Modern 3D tech-
nologies consider different possibilities of changing 
technological process of growing parts to increase the 
efficiency of the equipment preserving a high quality of 
products. Modern directions of improvement of techno-
logical aspects of SLM include an increase in the speed 
of process by means of a replaceable output chamber, 
closed control of powder processing, automated pow-
der sieving, multilayer simultaneous printing, two 
axes of a coating and hoppers with many cavities [14]. 
Some companies also offer a close cycle powder con-
trol system and removable cylinders as new improve-
ments to increase the speed of manufacturing [15–18]. 
Round platforms prevent powder dispersing and do 
not require filling or unloading of a powder during the 
entire fabrication cycle, even during printing at a full 
capacity [19–21]. This provides a homogeneous pro-
cess of fabrication, shortens operator time and provides 
a high level of system security. Some new machines 
use automatic sieving and powder recycling in order to 
significantly reduce the time of fabrication. Due to the 
automation of the sieving process and recirculation of 
the powder, the time of manual work is reduced, which 
also increases the efficiency of the process [22, 23].

With an increase in the dimensions of construc-
tion a quite large number of technological limitations 
arises, one of which is a complicated operation of the 
kinematic system. At a high load on the construction 
platform, the positioning accuracy of the platform it-
self should reach several microns, and its horizontal-
ity and parallelism relative to the base frame should 
not exceed a few seconds. The physics of the process 
and the physical properties of the scanning system do 
not allow a significant increase in the scanning rate of 
the laser beam and the specific power with it. As the 
sizes of the construction platform increase, the fabri-
cation period also increases in direct proportion. To 
solve this problem, most manufacturers of metal laser 
printing machines increase the number of scanning 
systems in combination with an increase in the num-
ber of laser radiation sources to 2, 4, 8 and sometimes 
up to 12 separate systems that scan one working field. 
On the basis of the analysis of modern 3D printers of 
world manufacturers, the comparative histogram of 
the process efficiency was plotted (Figure 1).

The main task in the development of SLM-tech-
nology is fabrication of high-quality parts. However, 
in order to increase the efficiency of the equipment it 
is necessary to reduce the time spent on fabrication. It 

is necessary to find compromise solutions, or to apply 
fundamentally new approaches to the formation of in-
dividual elements of a part.

One of the ways to improve the quality of a part is to 
reduce the melt pool, as far as the elements of the struc-
ture are refined, which leads to improvement in the set of 
properties, and significantly reduces the surface rough-
ness of a product. However, with a small size of the melt 
pool, the fabrication time increases, which leads to a de-
crease in the efficiency of the SLM-process.

A large melt pool allows increasing the efficien-
cy of manufacturing. However, this will increase the 
surface roughness of a product, and when the power 
is higher than the optimal, the conditions for evapora-
tion of the substrate or powder may arise, which will 
lead to the pore formation and an increase in the total 
porosity of materials [24].

At the same thickness of the working layer, the 
time required to fill a certain area of a product lay-
er decreases proportionally with an increase in a pool 
width, for example: at a pool width of 50 μm, tak-
ing into account the overlap of tracks by 30 % to fill 
the area of 0.1×0.1 mm, it is necessary to perform 28 
scanning passes of the laser beam, and at a track width 
of 200 μm, under the same conditions it is necessary 
to perform 7 passes, spending 4 times lower time.

A new solution to the problem is the use of different 
focal diameters to manufacture individual areas of parts.

The aim of the work is to develop technological ap-
proaches to increase the efficiency of the SLM-process 
while providing a high surface quality of products.

Material and procedure of studies. In accor-
dance with modern trends, LLC «Additive laser Tech-
nology Ukraine» designed a printing machine ALFA-
280 with two scanning systems, each of which can 
operate at different values of a scanning focal spot. 
The size of the working chamber of the mentioned 

Figure 1. Rate of growing parts in the machines of world man-
ufacturers: small machines (1), medium machines (2) and heavy 
machines (3)
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equipment is 280×280×300 mm that allows referring 
it to medium machines.

The studies were performed on samples made of 
powder material. The samples were printed in the 
Alfa-280 3D printer produced by «ALT Ukraine» 
LLC [24]. The material used in this study was stainless 
steel of the austenitic class 316L with a particle size 
from 10 to 45 μm. The chemical composition of the 
powder 316L, wt.% is 17.79 Cr; 12.63 Ni; 2.35 Mo; 
0.78 Mn; 0.64 Si; 0.016 C.

The source material was examined using a scan-
ning electron microscope REM-106 (Figure 2, a) to 
determine the shape and size of the particles. Fig-
ure 2, b shows the results of the analysis.

Record of the power distribution along the cross-sec-
tion of a laser beam with different focal spot diameters 
was performed in the BeamGage Standard program.

Experimental samples of a cubic shape (10×10× 
×10 mm) were manufactured using different focal 
spot diameters. During the manufacture of parts the 
scheme was used shown in Figure 3.

A surface layer (shell) of 1 mm thickness was cre-
ated using the modes different from those used for the 

main body of the sample. The mode of shell scanning 
is the following: focal spot diameter is 75 μm, scanning 
rate is 1000 mm/s, power is 200 W, distance between 
scanning passes is 0.13 mm. To form the area of the 
main body, different construction modes with different 
focal spot diameters in the range of 100–250 μm with a 
step of 50 μm were used. Here, a constant scanning rate 
of 1000 mm/s, power of 350 W and distance between 
scanning passes of 0.17 mm were used.

Based on the previous studies of the strategy of con-
struction of the contours of the sample [25], it was found 
that the order of the beginning of printing the boundaries 
and the main body does not play a big role in the speed 
of construction and the quality of manufacturing. There-
fore, in this paper, the scheme of construction «main 
body–boundary of the sample» was chosen.

Results of studies. The melt pool of a one track 
has an arc configuration. This shape is a consequence 
of the power distribution along the cross-section of 
the laser beam according to Gauss. The shape and 
overlap of the melt pools is seen in the microstructure 
of a product made by SLM [13, 24–26]. Small den-
dritic and cellular structures with the size of structural 
elements of a few micrometers are found within each 
track [24]. For analytical determination of track pa-
rameters, the calculation method according to Rosen-
thal’s formula is common [27].

However, this model includes the calculation 
of local heating only on a single track. In the con-
ditions of the real process an influence of heat from 
the neighbouring constructed track is present. Based 
on this, modeling using the finite element method is 
performed. A number of scientists applied this method 
for calculation [28, 29]. This model was created for a 
two-dimensional coordinate system with a transition 
Ti+1 (Figure 4) with a fixed values of a focal spot and 
working layer thickness.

The calculation was performed on the basis of the 
differential Fourier method, which is based on the re-
placed functions T(x, y) of a grid function ,

j
i kT  where 

(I, K is the numbering of nodal two-dimensional grids) 

Figure 2. Particles of source material 316L (×200) (a) and results of grain-size analysis (b)

Figure 3. Scheme of strategy of construction of studied samples 
from AISI 316L alloy
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under the condition of a uniform grid (step on x is equal 
to step on y). The temperature distribution in each grid 
node is determined by the following formula:
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The temperature field of each moment of time was 
calculated by means of two templates. The first tem-
plate displays the starting moment of time. This tem-
perature distribution is described using the boundary 
conditions of the first kind, i.e. the temperature on the 
surface of the powder layer is set, which is equal to the 
ambient temperature. The second template is used to 
calculate the temperatures at the next moment of time 
(J + 1) based on the formula (1). The results of calculat-
ing the temperature distribution for different focal spot 
diameters of the beam at a constant power of 200 W are 
shown in Figure 5. It can be seen that at a small diam-
eter of a focal spot, an increase in the power density in 
the center of the beam leads to heating the powder to a 
much higher temperature, which can cause a decrease 
in the metal density of a finished product under the 
condition of deep penetration. Taken that into account, 
when reducing the beam diameter, it is necessary to ad-
just the laser power to provide high quality products.

According to the results of the calculation, it 
is shown that a decrease in the diameter of a focal 

spot leads to the redistribution of power along the 
cross-section of the beam, an increase in the ener-
gy concentration in the center of a focal spot, and a 
growth in the gradient. As the diameter of a focal spot 
(defocus) increases in the central part of the beam, the 
energy concentration decreases.

Also from the analysis of calculation results it is seen 
that during construction of the main body of a part with 
application of larger diameter of a focal spot, tracks of 

Figure 4. Scheme of model of moving heat source (grid dia-
gram) [28]

Figure 5. Power distribution along the cross-section of the laser beam with different focal spot diameters (a), results of calculation 
of temperature distribution for different focal spot diameters of the laser beam at a constant power of 200 W and a layer thickness of 
40 μm (b)
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larger width will be formed. Therefore, less time can be 
spent on construction of a product as a whole.

Figure 6 presents the results of metallographic 
analysis of test samples and a schematic representa-
tion of the scheme of construction of the outer layer 
(shell) and the main body of the sample.

During the metallographic examination of the 
samples it was found that it is necessary to adjust the 

laser power with a change in the focal spot diameter 
of the laser beam to achieve a high density of metal 
products manufactured by SLM-technology.

Conclusions

1. The analysis of modern equipment for SLM-pro-
cess realization was performed. It is shown that for 
medium and heavy machines one of the directions of 

Figure 6. Scheme of formation and microstructure of samples manufactured by SLM-technology with different focal spot diameter of 
the laser beam
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increasing efficiency of the process is an increase in 
a quantity of sources of laser radiation and separate 
systems scanning one working field.

2. According to the results of the analysis of tech-
nological parameters of the process it was established 
that to increase the efficiency of the SLM process, 
printing of the main body of a product can be per-
formed with an increased diameter of a focal spot of 
the laser beam, and to provide a high surface quality, 
printing of a contour part (shell) should be performed 
using a more localized focal beam.

3. It is shown that it is necessary to adjust the pow-
er of the laser beam when changing the focal spot di-
ameter of the laser beam to achieve a high density of 
metal products manufactured by SLM-technology.
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