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Abstract
In our previous research within the scope of process parameters change, the innovative 30 µm synchronous scanning strategy 
(SSS) in the Laser Powder Bed Fusion production system and the effect of this scanning strategy on industrial gears were 
discussed in the microstructure examination of industrial gears produced with this scanning strategy. It was observed that the 
Additive Manufacturing (AM) traditional melt pool form changed, and the strength increased by approx. 23%. In this article, 
carried out in the second stage, a new microstructure in the form of bubbles obtained with this new synchronous scanning 
strategy, discussed in depth with laboratory research, is defined as “Bubble Microstructure.” This new microstructure defi-
nition, which constitutes the innovative side of the study, is in addition to the 30 µm SSS research that was discussed in the 
first phase of the study; 40 µm SSS production and research carried out at this stage are detailed within the scope of tensile 
tests in ASTM-E8 standard, detailed microstructure examinations in OM (Optic Microscope) and SEM (Scanning Electron 
Microscope), EDX, XRD analyzes and the mechanical strength effect of this microstructure on the Triple Periotic Minimal 
Surfaces geometry. This new SSS approach is considered promising in industrial areas where innovative geometries can be 
produced with AM, weight-reduced designs using topology optimization, and DfAM (Design for Additive Manufacturing) 
are used.

Keywords  Additive manufacturing · Laser powder bed fusion · Synchronous scanning strategy · Process parameters · 
Triply periotic minimal surfaces

1  Introduction

Selective laser melting (SLM) is an increasingly popular 
additive manufacturing method for producing three-dimen-
sional objects from individual powder particles. This tech-
nique involves a high-powered laser guided by a preset CAD 
model to traverse over a bed of powder, melting and bonding 
the particles together to create a solid structure (Hamaid 
Mahmood [16, 21]). The process doesn’t just rely on the 
intensity of the laser; several other parameters, including 
hatching distance, layer thickness, beam diameter, and laser 
scanning speed, are carefully adjusted. This ensures that the 
molten material effectively integrates with the previously 

solidified layers, resulting in a robust and well-integrated 
structure [15, 17, 18].

Products created using the selective laser melting (SLM) 
process demonstrate impressive durability, longevity, and 
environmentally responsible and economically essential 
attributes for sustainable metal production [8, 23]. SLM 
offers unlimited geometric possibilities, freedom in design, 
and versatility in material choice, which broadens its appli-
cation across various industrial sectors. Furthermore, SLM 
excels in the precise design and fabrication of innovative 
materials in micro-areas, opening up new opportunities for 
in situ alloying [5, 11, 15, 17, 18].

AlSi10Mg is a popular alloy for SLM processes, favored 
for its rapid solidification rate and high yield strength, which 
is significantly higher than that of its cast form [3, 10, 14, 
24]. This alloy is extensively adopted in automotive and aer-
ospace applications due to its performance characteristics. 
It boasts a yield strength of approximately 300 MPa, facili-
tated by its microstructure, which includes a network of α-Al 
(FCC)/Si eutectic located within the inter-dendritic areas 
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of a supersaturated α-Al matrix [1, 6, 13]. Additionally, 
the formation of semi-coherent Mg2Si particles enhances 
its strength by acting as barriers to dislocation movement 
under stress ([12].

Numerous studies have concentrated on the parametric 
optimization of SLM for the near-net-shape fabrication 
of AlSi10Mg components. Enhancements in component 
strength, for example, have been linked to increasing laser 
power and decreasing scanning speed, which contributes to 
the formation of a more homogeneous melt pool and reduces 
pore formation [15, 17, 18, 20]. Decreasing the hatching 
distance has also improved the bonding between scanning 
tracks and subsequent layers [19]. Moreover, a layer thick-
ness of about 30 μm has been identified in several studies as 
optimal for ensuring successful melt pool penetration into 
preceding layers, thereby facilitating strong interlayer bond-
ing [2]. The literature also indicates that excessive heat input 
into a melt pool due to poorly optimized laser parameters 
can significantly reduce the strength of metal structures. Sev-
eral review literature is available to present the overview 
of the influence of laser processing parameters on the per-
formance of metal strength and microstructure [9, 15–18]. 
Thus, it is crucial to carefully optimize laser parameters to 
achieve optimal process efficiency and product quality.

This study introduces a novel microstructure, identified 
as the “Bubble Structure” and created through a synchro-
nous scanning strategy that diverges from the conventional 
melt pool shape typically observed in the SLM processing of 
AlSi10Mg. This new scanning approach has facilitated a 25% 
increase in strength compared to traditional methods. Our pre-
vious research employed a synchronous 30 µm process param-
eter to achieve thermal equilibrium between the design and the 
production platform [4]. The innovative approach transformed 
the traditional oval-shaped melt pool into a bubble-like struc-
ture, leading to substantial material strength improvements 
and enhanced weight reduction and topology optimization 
capabilities using the SSS methodology [4]. This research 
presents an innovation to the literature by introducing a novel 
microstructure defined as a “Bubble Structure.” The conditions 
under which this new microstructure is formed are revealed 
in detail by metallographic tests. The definition of this new 
microstructure refers to the new microform referred to as SSS, 
which is found by the synchronized scanning strategy in the 
LPBF production process parameters. The research is a study 
in which this microstructure is defined, and its mechanical 
strength effect is discussed in the case of 40 µm layer thickness 
and on the gyroid form. Suppose it is necessary to give infor-
mation about the scanning strategy expressed as SSS. In that 
case, it refers to the production strategy realized by equalizing 
the hatch distance, layer thickness, and stripe width parameters 
using the same value. With SSS, X (hatch distance), Y (stripe 
width), and Z (layer thickness) are aimed to provide more bal-
anced heat distribution in the layers with a value of 30 µm or 

40 µm, which are determined in common in all three param-
eters and directions. In this research, the effect of SSS with 
40 µm on mechanical properties is fully revealed, and “Bubble 
Structure” is introduced to the literature. Due to the increased 
research on the production of cellular forms with AM in recent 
years, it is thought that gyroid and similar innovative forms 
will be mentioned and used more in future industries. For this 
reason, gyroid compression tests were added to the research 
within the scope of the mechanical strength effect of this new 
microstructure developed with SSS on cellular forms.

This research extensively analyzed the mechanical strength 
and microstructural characteristics using several methods. 
Tensile tests conducted according to ASTM-E8 standards, 
alongside in-depth microstructural examinations using Optical 
Microscopy (OM) and Scanning Electron Microscopy (SEM), 
as well as Energy Dispersive X-ray Spectroscopy (EDX) and 
X-ray Diffraction (XRD) analyses, were pivotal in evaluat-
ing the performance. Additionally, the impact of the newly 
developed microstructure was assessed through compression 
tests on gyroid geometries derived from the Triply Periodic 
Minimal Surface (TPMS) group, showcasing one of the bio-
inspired designs achievable with additive manufacturing. The 
study also included a comparative analysis of the mechanical 
and microstructural performances using the current synchro-
nous scanning strategy (SSS) parameters set at 30 µm and 
40 µm with the standard parameter set, providing a compre-
hensive evaluation of these modified processing parameters.

2 � Experimental

2.1 � Methods and Materials

The present study involved an in-depth analysis using four 
samples to compare and evaluate the proposed approach effec-
tively. Table 1 displays the layer thickness selections for the 
samples under investigation, allowing for a detailed exami-
nation of how varying layer thicknesses impact the study’s 
overall results.

In this study, we employed standard laser processing param-
eters recommended by the EOS SLM machine manufacturer 
and our newly proposed approach. Sample m1 uses the stand-
ard laser processing parameters for AlSi10Mg material with a 
30 µm layer thickness, a setup previously noted in several stud-
ies [15, 22]. The proposed approach includes the SSS sample 
from our prior research [4], denoted here as sample m2, for 
comparative analysis.

Table 1   Four production definitions were used in the research

m1 (AlSi10Mg) m2 (AlSi10Mg) m3 (AlSi10Mg) m4 (AlSi10Mg)

30 µm standard 30 µm bubble 40 µm standard 40 µm bubble
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Additionally, samples m3 and m4 were created with a 
layer thickness of 40 µm to explore the effects of increased 
layer thickness. Sample m3 adheres to the standard process-
ing conditions and features the traditional melt pool configu-
ration, making it identical to sample m1 except for the dif-
ference in layer thickness. Conversely, sample m4 employs 
the SSS approach but with a 40 µm layer thickness, where 
the distinct bubble structure is also achieved, offering a 
unique point of comparison against the more conventional 
configurations.

In this study, sample m4 represents the implementation 
of a 40 µm layer thickness using the Synchronous Scan-
ning Strategy (SSS), a method discussed for the first time in 
this article and not previously covered in the literature. The 
standard and synchronized process parameters used in all 
samples (m1, m2, m3, m4) produced as part of this research 
are detailed in Table 2. Table 2 highlights several parame-
ters, such as hatch distance, layer thickness, and stripe width. 
Unlike the traditional X-Rotated scanning strategy, the SSS 
adopted an X–Y scanning approach, another modification to 
optimize the production process. All samples were manufac-
tured using the aluminum alloy AlSi10Mg, widely utilized 
in AM-LPBF processes. The specific chemical composition 
of this alloy is provided in Table 3.

2.2 � Bubble Microstructure Metallography 
Laboratory Studies

Four types of rectangular prism structures measuring 
12 × 12 × 5 mm were fabricated for microstructural analysis 
using parameter sets m1, m2, m3, and m4 on the EOS-M290 
AM-LPBF system. Following production, these samples 

underwent surface preparation in the metallography lab, 
which included sequential sanding with silicon carbide 
abrasives at grit sizes of 320, 600, 800, 1000, and 2500 µm.

After sanding, the samples were polished using Keller’s 
etch, which is a mixture of 96.22% water, 2.59% nitric acid, 
0.64% hydrochloric acid, and 0.55% hydrofluoric acid to 
analyze the microstructural features of the alloy. The sur-
faces of the prepared samples were then examined under an 
optical microscope. The images captured from these exami-
nations are presented in Fig. 1.

According to the microstructural images in Fig. 1, the 
differences between the standard and novel scanning strat-
egies are visible across various parameter sets. Figure 1a 
displays the traditional melt pool form observed in sample 
m1, produced using standard parameters with a layer thick-
ness of 30 µm. Figure 1b highlights the novel 30 µm bubble 
structure microstructure achieved in sample m2, showcasing 
the synchronous scanning strategy (SSS) effects at this layer 
thickness.

Figure 1c, on the other hand, shows the traditional micro-
structure form in sample m3, produced using the 40 µm 
standard parameter set, maintaining the conventional melt 
pool configuration but at an increased layer thickness. Lastly, 
Fig. 1d presents the 40 µm bubble structure in sample m4. 
This new microstructure, evaluated for the first time in this 
study, illustrates how modifications in the SSS, combined 
with an increased layer thickness, can influence the develop-
ment of the microstructure, potentially affecting mechanical 
properties and performance.

SEM was employed to closely observe the samples for a 
more detailed examination of the microstructural features, 
as shown in Fig. 2.

Table 2   Process parameters of the productions made in this research

m1(std.) m2(bubble) m3(std.) m4(bubble)

laser power 370 W 370 W 370 W 370 W
laser scan speed 1300 mm/s 1300 mm/s 1300 mm/s 1300 mm/s
Hatch distance 0.19 mm 30 μm 0.19 mm 40 μm
layer thickness 30 μm 30 μm 40 μm 40 μm
beam offset 0.02 mm 0.02 mm 0.02 mm 0.02 mm
laser intensity 49.932 J/mm3 316.239 J/mm3 49.932 J/mm3 316.239 J/mm3

Scanning strategy X-Rotated X–Y X-Rotated X–Y
temperature 30 °C ( building platform) 30 °C ( building platform) 30 °C ( building platform) 30 °C ( building platform)
Strip width 7 mm 30 μm 7 mm 40 μm
laser type Yb (Ytterbium) fibre laser Yb (Ytterbium) fibre laser Yb (Ytterbium) fibre laser Yb (Ytterbium) fibre laser
atmosphere Argon Argon Argon Argon

Table 3   Chemical composition 
of AlSi10Mg material [7]

% Al Cu Fe Mg Mn Si Ti Zn Zr

AlSi10Mg balance  < 0.05  < 0.55 0.25–0.45  < 0.45 9.0–1.0  < 0.15  < 0.10 –
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Upon detailed examination of the AlSi10Mg samples 
produced using the parameters for m2 and m4, a distinc-
tive spherical microstructure was observed, which had not 
been previously documented in the literature. This unique 

formation is named the “bubble microstructure” due to its 
spherical, bubble-like appearance.

As observed, the traditional laser tracks typically visible 
in the as-built microstructure (samples m1 and m3) had van-
ished in samples m2 and m4. Instead, a new microstructure 

Fig. 1   a m1, b m2, c m3, and d 
m4, optic microstructure of the 
samples (top surfaces)

Fig. 2   a m1, b m2, c m3, and d 
m4 SEM microstructure of the 
samples (top surfaces)
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composed entirely of these spherical “bubbles” emerged. 
This transformation is depicted in Fig. 3, which illustrates 
how the synchronous scanning strategy fundamentally alters 
the material’s morphology at a microstructural level.

Upon conducting the EDX analysis on the samples, par-
ticularly examining the melt pool border regions within 
the bubble structure, it was noted that the cellular silicon 
structure, typically visible within the matrix, had disap-
peared between the bubbles. Moreover, the EDX analysis 
further revealed that these regions between the bubbles were 
depleted in silicon, as demonstrated in Fig. 4. This silicon 
depletion highlights a significant alteration in the chemical 
distribution within the bubble structure’s microenvironment 
compared to the traditional microstructures.

In the XRD analysis of the samples, distinct Al and Si 
peaks were detected, as illustrated in Fig. 5. Notably, no pre-
cipitates were observed in the diffraction patterns. However, 
the analysis showed a significant change in the intensity of 
the Si peaks, especially in the 30-μm bubble sample (m2). 
The increased intensity of these Si peaks suggests enhanced 
solubility of silicon within the aluminum matrix, which is 
particularly noticeable around the bubble areas.

Porosity analysis was performed on Zeiss Smartzoom5 
with Zen core 3.5 program. Porosity measurements were 
performed using a coloring technique.

The porosity ratios of the samples are given in Fig. 6 and 
Table 4.

When the porosity values are analyzed, the lowest poros-
ity belongs to M1 and M2 samples produced with the newly 
developed SSS technique. The porosity values of the sam-
ples produced with the traditional screening strategy were 
relatively high.

2.3 � Tensile Test and Mechanical Strength 
on TPMS‑Gyroid

Following the comprehensive microstructural analysis, 
mechanical evaluations were conducted to assess the per-
formance of the newly identified bubble microstructure. This 
involved conducting tensile tests to measure mechanical 

Fig. 3   Detailed view of the bub-
ble microstructure

Fig. 4   EDX analysis
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strength and examining mechanical behavior in innovative 
cellular forms. Samples corresponding to each parameter set 
m1, m2, m3, and m4 were produced for these tests.

For each parameter set, four different types of tensile test 
samples were fabricated by ASTM-E8 standards. Four sam-
ples featuring gyroid geometry within infilled rectangular 
prisms were also created for each set to be tested in compres-
sion tests. This approach allowed for the direct comparison 
of mechanical properties across the different microstructures 
and processing conditions. These test samples are shown in 
Fig. 7.

Tensile and compression tests were rigorously conducted 
using the ALSA (100 kN) compression test system, with 
each test being repeated four times to ensure reliability and 
consistency in the data. The strength values obtained from 
these tests are detailed in the study’s results section. Addi-
tionally, a camera closely monitored and recorded the com-
pression test process specifically applied to the gyroid geom-
etry. This allowed for an accurate visual of how the geometry 
deformed at various compression rates. The detailed obser-
vations of these deformations under different stress levels 
have been systematically tabulated and presented in the 
results section.

3 � Results and Discussion

The microstructural investigation of the samples processed 
using standard techniques and the novel SSS revealed signif-
icant differences in their microstructural formations. Nota-
bly, the traditional melt pool forms characterized by long 
scan tracks, typically vulnerable to impurities and exhibit-
ing pronounced microstructural variations at the borders, 
have been replaced by a bubble-type microstructure in the 

Fig.5   XRD analysis

Fig. 6   Porosity ratios of the 
samples

Table 4   Porosity ratios of samples

m1(std.) m2(bubble) m3(std.) m4(bubble)

Porosity (%) 0.985 0.123 0.841 0.480
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samples processed with the SSS (m2 and m4). This devia-
tion from the traditional long melt pool tracks, commonly 
seen as potential weak points for crack initiation and propa-
gation under mechanical stress or even as sites for electro-
chemical variations under adverse conditions, marks a sig-
nificant improvement. The bubble-type microstructure lacks 
these long tracks, a change that is prominently visible in the 
figures provided.

Furthermore, the OM and SEM analyses still show melt 
pool boundaries but a smaller melt pool shape. The appli-
cation of the SSS likely induces a higher energy input into 
the melt pool due to the chosen processing parameters, 
especially the 30 μm hatching strategy. This energy input 
results in high heating of the melt pool and rapid solidifica-
tion, resulting in microstructure characterized by increased 
strength because of the higher solubility of Si within the 
melt pool. This increased Si solubility could potentially 
improve the mechanical properties of AlSi10Mg, contrib-
uting to better performance in applications requiring high 
strength and durability.

The increased solubility of silicon is understood to 
enhance the mechanical properties of AlSi10Mg alloys. This 
is due to silicon’s ability to form a robust Al-Si solid solution 
and generate small precipitates that block the movement of 
dislocations, thereby strengthening the material. Addition-
ally, the rapid cooling characteristic of the SLM process 
aids in achieving high silicon solubility, which facilitates 
the development of a refined microstructure with uniformly 
dispersed silicon particles. This finer microstructure contrib-
utes to higher yield strength and greater hardness. Further 
analysis of the mechanical properties of newly proposed 
samples indicated a similar trend of improved performance.

Table 5 presents the average strength values derived from 
tension tests. This data shows that the strength measured 
in the m2 tensile tests, which utilized a bubble microstruc-
ture, is approximately 28% higher than that of the m1 tests 

conducted at the same layer thickness. Furthermore, when 
comparing the m3 and m4 specimens, tested at a 40 µm 
layer thickness, the average strength in the bubble struc-
ture sample showed a roughly 23% increase. Metallographic 
testing and analysis have indicated that this enhancement 
in mechanical strength is likely due to the transforma-
tion of the laser tracks in the microstructure into a bubble 
microstructure.

In the study, the outcomes from compression tests explor-
ing the impact of mechanical strength on gyroid geometry 
are presented in Table 6. The gyroid structure was mod-
eled for these tests like a rectangular prism measuring 
10 × 10 × 20 mm. The specifics of the gyroid modeling 
included a wall thickness of 2 mm, a cell distance of 2 mm, 
and a fill rate of 61.7%. Each test was repeated at least three 
times to ensure the reliability of the results. Strain strain 
graphs of tension test specimens are given in Fig. 8. As 
shown, bubble-type structures displayed better performance 
compared to the standard models.

According to the data in Table 6, there is an approxi-
mately 13% increase in mechanical strength from sam-
ple m1 to m2. The strength difference between the 
gyroid samples m3 and m4 is about 15%. These results, 
evident from both compression and tension tests, 

Fig. 7   a Gyroid geometry with 
dimensions of 10 × 10 × 20mm 
used in compression tests, 
bTensile test sample and test 
stage in ASTM-E8 standard

a.gyroid CAD  b.tensile test (ASTM-E8 standard.)  

  

Table 5   Tensile test results

m1 (MPa) m2 (MPa) m3 (MPa) m4 (MPa)

320 410 317 391

Table 6   Compression test results applied to gyroid geometry

m1 (kN) m2 (kN) m3 (kN) m4 (kN)

115 130 110 127
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indicate a notable improvement in strength for the bub-
ble-type geometry compared to traditional manufactur-
ing approaches across both tension and gyroid samples. 
Given the consistent geometry across samples, the rise in 
strength in each instance can largely be attributed to the 
alterations in the microstructural formation of the bubble-
type structure. This significant enhancement in strength is 
crucial for enhancing the overall structural and mechani-
cal performance in practical applications.

For a comprehensive analysis aimed at interpreting the 
impact of bubble microstructure on mechanical strength, 
video footage from the compression tests was edited to 
synchronize with the exact timings of each compression 
event. The deformation states of each model were ana-
lyzed at intervals of 1, 3, 5, and 10 mm. Table 7 displays 
the photographic documentation of these deformations, 
captured at these specified intervals, to provide visual 
insights into how the bubble microstructure responds to 
compressive stress.

During the compression tests for the gyroid samples 
m1 and m3, produced using standard parameters, a clear 
progression of geometric distortion is evident right after 
1 mm of compression. By the end of the compression test 
at 10 mm of distortion, these samples can be observed 
breaking apart completely. In contrast, the samples with 
bubble morphology (m2 and m4), designed using the 

SSS strategy, showed significantly better resistance to 
the compression tests than their traditional counterparts. 
Sample m2 demonstrated the most robust performance 
among all the tested specimens, highlighting the effec-
tiveness of the bubble morphology in enhancing mechani-
cal resilience.

4 � Conclusions

This study examines the mechanical and microstructural 
performance of SLM components fabricated using a stand-
ard and a novel synchronous scanning strategy (SSS). 
The results revealed that components produced with SSS 
exhibited a distinctive bubble-like microstructure, differ-
ing from the semi-elliptical forms typically seen in standard 
LPBF processes. This bubble microstructure, along with 
an increased solubility of silicon within the alloy, led to 
a stronger Al-Si solid solution and finer precipitates, thus 
enhancing the material’s overall strength. Furthermore, 
these microstructural changes have significantly improved 
the materials’ resistance to deformation and rupture under 
stress compared to those with conventional microstructures.

The mechanical testing of the samples showed that those 
with the bubble microstructure, particularly samples m2 
and m4, demonstrated markedly higher strength and better 
performance during compression tests than the traditional 
microstructure samples (m1 and m3). Sample m2, in particu-
lar, exhibited exceptional resistance to deformation, outper-
forming all other specimens. Implementing the SSS strategy 
not only facilitated the creation of bubble microstructures 
but also eliminated the formation of long melt pool tracks, 
which are typically prone to impurities and structural weak-
nesses. The likely increase in energy input during processing 
contributed to higher silicon solubility, which was critical in 
strengthening the resultant alloy. As a result of this study, it 
can be said that the SSS technique is also effective in reduc-
ing porosity.

This new microstructure introduced by the SSS strategy 
represents a promising avenue for further research. Future 
studies should focus on thoroughly characterizing this 
microstructure through corrosion, impact, and wear studies 
to understand its properties and potential applications fully. 
Additionally, investigating how this microstructure performs 
in innovative lattice geometries, designs optimized through 
topology optimization, and complex internal geometries 
producible via additive manufacturing will be crucial for 
advancing the technology and expanding its application 
scope in various industries.

Fig. 8   Stress–strain graph of tension test samples of all variations
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