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Introduction. The development of additive technologies is aimed at the synthesis of new powder
compositions for selective laser melting plants, the study of the effect of mode parameters on the stable
quality of products. The purpose of this work is to study the effect of the scanning strategy on the
microstructure, elemental composition, porosity and density of specimens obtained by selective laser
melting from non-spherical powders (4] — 91 wt. %, Si — 8 wt. %, Mg — 1 wt. %), subjected to special
preparation to determine the optimal conditions for selective laser melting. The research methods
are methods of X-ray diffraction and X-ray phase analysis, transmission electron microscopy. The
paper examines specimens formed using four different scanning strategies. Results and discussions.
A promising aluminum alloy AISi8Mg is developed for selective laser melting. The material has good
manufacturability and low powder cost. The technological parameters of melting make it possible to
form a thin structure with a low level of porosity. The mechanism of influence of the scanning strategy
on porosity, surface morphology, relative density and microstructure is investigated. A specimen from
the AISi8Mg powder composition with a high relative density of 99.97 % is produced by selective laser
melting with an energy density of 200 J/mm’, a specimen scanning circuit when the direction of laser
movement changes by an angle of 90° each odd layer. It is proved that the density of the AISiMg alloy
depends on the scanning strategy used. The calculated density of the specimen was 2.5 g/cm3, which
corresponds to the density of silumin. Analysis of SEM images and maps of the distribution of elements
(41, Mg, Si) of the specimens showed that different specimen formation strategies do not affect the
nature of silicon distribution. A unique grain structure is observed in the resulting 4/Si8Mg alloy. The
melt pool consists of small grains along the border and large grains in the center. The formation of fine
grains is explained by the addition of Si and the high cooling rate during selective laser melting.
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Introduction

Selective laser melting (SLM) is an additive manufacturing (4M) technology in which metal powder is
melted by a laser beam along a given trajectory to make products layer by layer. Compared with traditional
manufacturing technologies, SLM has a number of advantages, such as rapid prototyping, production of
complex-shaped parts and reduced lead time. The technology is developing towards synthesizing new
powder compositions for SLM units, studying the influence of mode parameters upon the stable quality of
the products, repeatability and reproducibility of the process on different devices [1].

Aluminum and aluminum-based powders are some of the most common materials in the automotive,
aerospace and aviation industries due to its excellent strength-to-weight ratio, good thermal and electrical
conductivity, and corrosion resistance. Recently, aluminum-based powder has also been the object of research
for use in selective laser melting units [2]. This technology allows not only to shorten the design and production
cycle, but also to obtain an alloy with a unique structure as metal powder is rapidly melted and cooled [3].

Currently, there are many studies concerning production of various items from aluminum-based powders
using the SLM technology [4—6], and recommendations are given to improve the quality of the resulting
products. Thus, when determining the SLM conditions, the following physical properties of aluminum are
taken into account: high thermal expansion coefficient, high shrinkage during solidification, low level of
laser energy absorption, formation of strong oxide layer, high thermal conductivity, relatively wide range
of solidification temperatures [7—9]. Defects of the surface and internal structure, such as porosity, layer
distortion, cracking, low dimensional accuracy and surface roughness occurred in the process of selective
laser melting of aluminum-based powders [10]. These defects are often associated with development of
uneven temperature gradients along the fused surface, with contamination of powder by oxides, with
inhomogeneity of surface tension which prevents the adhesion of the melt to the substrate and interlayer
bonding [11]. All the studies were completed on the specimens produced from the special spherical powders
of the necessary alloys which cost a lot. The relative density of the specimens made from spherical powders
is over 99.5 %. It was obtained by optimizing laser scanning parameters from AISil0Mg [12], [13], A!l-
128i [14] and AISi7Mg [15] alloys. In addition, these specimens showed excellent mechanical properties
of the formed fine cellular dendrite microstructure, which results from the SLM process [16]. Despite the
advances in the field of additive technologies, only a limited number of aluminum alloys can be used to
produce a high-quality product using the SLM method [17]. Completely dense and crack-free specimens
from aluminum-based powders can be produced using SLM in a narrow range of modes [18, 19], which is
selected experimentally for each material. The research for non-spherical powders has not been described
by scientists.

The SLM conditions include over 120 parameters that, to one degree or another, affect the quality of the
resulting product. Beside the selective laser melting mode the scanning strategy is also one of the processing
parameters that affects the microstructure formation and the properties of the resulting products. By controlling
the direction of the heat flow between the layers through the laser beam scanning strategy it is possible to
form various grain structures and change the direction of the interlayer grains growth [20]. High energy
consumption and uneven temperature distribution lead to huge temperature gradients, high thermal stresses
and deformation. Thermal temperature gradients, direction of the heat flow and the cooling rate have a very
important influence upon the dislocation density, grain size and texture of the manufactured products.

The purpose of the given paper is to study the influence of the scanning strategy on the microstructure,
elemental composition, porosity and density of the specimens produced by selective laser melting from
non-spherical powders (4/ — 91 wt. %, Si — 8 wt. %, Mg — 1 wt. %) specially prepared as described in the
previously published papers [21] to determine optimal SLM conditions.

This purpose requires solving the following problems: producing specimens from the prepared powder
composition [21] using the selective laser melting method with different scanning strategies; identifying
of the optimal scanning strategy, which allows producing a specimen with the lowest porosity without
changing other melting parameters; determining the density of the specimens, studying the structural and
phase composition of the specimen using the transmission microscopy method.
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Research methods

The research was carried out on a 3D printer VARISKAF-100MVS manufactured in Yurga Institute
of Technology of Tomsk Polytechnic University. The unit is equipped with a 100 W ytterbium fiber
laser with a wavelength of 1,070 nm. The process of formation and study of the A/SiMg powder from
single-component powders of aluminum, silicon and magnesium was described previously in [21]. To
analyze the influence of the scanning strategy on the microstructure, elemental composition, porosity
and density of the specimens the conditions were determined by search experiments and described in the
paper [22]. Specimens with a size of 10x10%3 mm were produced under the following mode parameters:
scanning speed V' =225 mm/s, scanning step S = 0.08 mm, laser power P =90 W, powder layer thickness
h = 0.025 mm. The temperature of the working table at the beginning of the SLM cycle was +25 °C;
the powder was melted in the protective argon environment. An energy density of 200 J/mm’ provided
sufficient heat to melt the powder and promoted the remelting of the part of the previous layer and melt
path to smoothly connect the adjacent layers [22]. After formation the specimens were ground and polished
using diamond pastes, removing 400 um of the top layer. Porosity was determined as the average value
from nine optical images of the polished section surface. The shooting pattern is shown in Figure 1.

Fig. 1. Shooting pattern

Studies of the structural-phase state of the specimen were completed using a transmission electron mi-
croscope JEOL JEM-2100. Shooting conditions were as follows: accelerating voltage of 200 kV, magnifi-
cation of 6,000— 1,500,000 times, “column length” under the microdiffraction mode of 100 cm. The phase
identification was carried out using the international card database /CDDPDF4+ (International Center for
Diffraction Data).

To study the effect of scanning strategy on the microstructure and porosity of the specimens, four strate-
gies were implemented. Scanning strategy I (£ 90), in which the direction of laser movement changes by
an angle of 90° from layer to layer, is shown in Figure 2. (See the marks below)

Fig. 2. Scanning strategy I (£ 90)

With scanning strategy I (£ 45) the direction of laser movement changes by an angle of 45° from layer
to layer, see Figure 3.
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Fig. 3. Scanning strategy 11 (£ 45)

With scanning strategy III (£ 90S/2), the specimen is formed when the direction of the laser movement
changes by 90° every odd layer (n, n + 2, etc.). In every even layer (n + 1, n + 3), the direction of the laser
beam is parallel to the previous layer, and the track is shifted by a distance of S/2. The strategy is shown in
Figure 4.

Fig. 4. Scanning strategy III (£ 90S/2)

Scanning strategy IV (£ 90p.p.), in which each layer is scanned by the laser beam twice (double
remelting) and during the second pass the step is shifted by S/2 while the direction of the laser movement
changes by 90° from layer to layer. This scheme is shown in Figure 5.

Fig. 5. Scanning strategy IV (£ 90 p.p.)

Results and discussion

The photographs of the structure of the specimens formed with the use of different scanning strate-
gies from the composition of powders under the following SLM modes [22]: P = 90 W; v = 225 mm/s;
8§ =0.08 mm; & =0.025 mm; =25 C°, are presented in Table 1.
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Table 1

Photos of the specimen structure and porosity values, %

Scanning strategy I (£ 90)

0.01 0.02 0.01
0.43 0.39 0.06
0.63 0.35 0.93

“Average” porosity is 0.31 %

Scanning strategy II (£ 45)

0.11 0.09 0.05
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Continuation of the table 1

0.18 0.14 0.06

0.11 1.36 0.47

“Average” porosity is 0.29 %

Scanning strategy III (£ 905/2)

0.04 0.01 0.02
0.06 0.01 0.02
0.05 0.04 0.03

“Average” porosity is 0.03 %

CM Vol 26 No. 3 2024
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The End Table 1

Scanning strategy IV (£ 90 p.p.)

As aresult of double remelting large melt drops of 0.2—0.5 mm in size were formed on the surface of the
layer which led to uneven application of the next powder layer and appearance of non-melts. For this reason
it was not possible to build-up a specimen of the required thickness. For this specimen its porosity was not
assessed due to impracticality. The graph of average porosity dependence upon the scanning strategy shows
that the specimen obtained using strategy III has the lowest porosity value of 0.03 %, see Figure 6.

Fig. 6. Dependence of the average porosity of the specimen
on the scanning strategy

Density is an important indicator for assessing the quality of the parts. A caliper was used to measure the
overall dimensions of the specimens: lengthxwidthxheight, which was 10x10x3 mm accordingly. Using
an analytical balance VST-600/10 we measured the mass of the specimens, which amounted to 0.748 g for
the specimen obtained using scanning strategy I, and 0.75 g for scanning strategy II. The calculated density
of the specimens for scanning strategies I and II was 2.49 g/cm3, and for the specimen obtained using
scanning strategy II1, 2.5 g/cm3, which corresponds to the density of silumin.

Figure 7 shows SEM images and element distribution maps (47, Mg, Si) of the specimens obtained using
different strategies.

Aluminum and magnesium are distributed uniformly in all specimens. Silicon in the specimens is
distributed in the form of small particles, less than 5 pm in size. Changing the specimen preparation strategy
does not change the nature of silicon distribution in the specimens.

The structural-phase state and elemental composition were determined for the specimen formed using
scanning strategy II1.

The specimen under study has a grain structure; the microscopic pores are not detected at the
magnifications used.

Vol. 26 No. 3 2024 %
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b

Fig. 7. SEM images and distribution maps of elements (47, Mg, Si) of specimens using different
production strategies:
a—No. 1; b—No. 2; ¢ — No. 3 (see also next page)

CM Vol 26 No. 3 2024



MATERIAL SCIENCE OBRABOTKA METALLOV %

c
Fig. 7. The End

The microdiffraction patterns obtained from different areas are represented, first of all, by reflections
of varying intensities. The identified reflections correspond to the BCC phase A/ — 91 wt. %, Si— 8 wt. %
(PDF Card — 04-003-7125). In the microdiffraction pattern, Figure 8 b, obtained using the largest field
diaphragm at the low magnification of the specimen, there are also reflections located circumferentially
which indicates that there are fine particles in the structure of the specimen. At high magnifications and
dark-field images it is clearly visible that these fine particles are located at the grain boundaries.

To analyze the homogeneity of element distribution in the specimen under study energy-dispersive
microanalysis was used. First of all, element distribution maps throughout the analysis area were built.
Mapping showed that the main element of the alloy, A/, is distributed evenly in the grains, but its content
decreases along the grain boundaries. The second most abundant element, Si, on the contrary, is mainly
concentrated along the grain boundaries. The third element in terms of content, Mg, is distributed
evenly throughout the volume under study. Based on the nature of the total spectrum, Figure 9, no other
elements are detected in the specimens. The elemental composition of the area under study is presented
in Table 2.

To confirm the local heterogeneity of the element composition we also completed the study of
elemental composition along a given line. The results of the study are shown in Figure 10. The nature
of elements distribution is similar to that of the mapping: at the grain boundaries we observe reduced
Al and increased Si content. As can be seen the concentration of Mg, when studied using this method,
is also heterogeneous. However, since the Mg content in the composition is low (less than 0.5 wt. %
according the data of elemental analysis) this cannot be postulated accurately.

A specimen of a complex geometric shape (Figure 11) was produced from the prepared powder
mixture under the obtained optimal SLM conditions.
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Fig. 8. Microstructure of the 4/SiMg alloy specimen: light-field images (a, d) with corresponding
microdifraction patterns (b, e) and dark-field images (c, f)
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Fig. 9. A bright field image of the analysis area (a), the desired 7SM image of the analysis area (b), a TSM image
for comparing element maps (c), element distribution maps (d—e) and the total spectrum of the mapping area (g)

Table 2

Elemental analysis of the 4/-Si-Mg alloy by the total spectrum from the

mapping area

Element Weight % Atomic %
AlK 92.65 92.86
SiK 6.95 6.69

Mg K 0.40 0.45

Vol. 26 No. 3 2024 %
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d e f

Fig. 10. A bright field image of the analysis area (a), the desired 7SM image of the analysis area (b), a TSM image
with plotted element content data (¢), the distribution of elements along the track (d—)

Fig. 11. A prototype of the swirler
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Conclusion

In the course of the research, a technology for forming a promising aluminum alloy A1Si8Mg for selective
laser melting and non-spherical powders is developed. The material shows good manufacturability and low
powder cost. The technological parameters of melting allow forming a fine structure with low porosity. The
mechanism of the influence of the scanning strategy on porosity, surface morphology, relative density and
microstructure is studied. The main conclusions are summarized as follows.

A specimen was produced from A/Si8Mg powder composition with high relative density of 99.97 % by
selective laser melting. The energy density significantly affects the quality of the surface. In this study the
energy density of 200 J/mm” and the specimen formation scanning strategy III when the direction of the
laser movement changes by 90° every odd layer (n, n + 2, etc.) and in every even layer (n + 1, n + 3), the
direction of the laser beam is parallel to the previous layer, and the track is shifted by a distance of S/2 (£
90S/2) are the best parameters of the process allowing to achieve the highest relative density. It is proven
that the density of A/SiMg alloy depends on the scanning strategy used. The calculated density of the
specimens for scanning strategies I and II was 2.49 g/cm3, and for the specimen obtained using scanning
strategy 111, 2.5 g/cm3, which corresponds to the density of silumin.

Analysis of SEM images and element distribution maps (A4/, Si, Mg) of the specimens showed that
different strategies for producing specimens do not affect the nature of silicon distribution.

Unique grain structure is observed in the finished 4ISi8Mg alloy. In the melt pool small grains are
located along the boundary, while large grains are in the center. Addition of silicon and high cooling rates
are positive conditions for formation of fine grains.
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