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Highlights:

e FEM accurately predicts distortion in SLM-process AlSi10Mg parts.

¢ Scanning orientation critically affects distortion with 90° orientation reducing distortion.

* Optimal scan orientation improves mechanical properties, balancing strength and flexibility.

¢ This study optimizes SLM parameters for precise and stable metal parts in high-demand
industries.

Abstract

Distortion for 3D printing using Selective Laser Melting (SLM) on AISi10Mg aluminium is an
important issue that affects the final manufactured product. This research aims to develop a finite
element method (FEM)-based computational simulation and experimental validation to predict
distortion in 3D printed products using SLM. The study results found that the variation of 3D
printing position affects the resulting product's distortion and mechanical properties. The 90° part
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print position results in smaller distortion of 0.303 and 0.335 mm than the 0° part print position of
0.329 and 0.378, respectively, making it more suitable for high-precision applications. This study
confirms the importance of scan orientation in controlling distortion in the SLM process, which can
be used as a guide for optimal printing parameters. With proper orientation selection, the risk of
distortion or defects in SLM products can be minimised, and industrial production efficiency can
be improved.

Keywords: SLM; Laser powder; 3D printing; Distortion; Additive manufacturing; Finite element
method

1.Introduction

In recent years, 3D printing technology, particularly the SLM method, has emerged as an
innovative solution within the manufacturing industry, enabling the fabrication of metal
components with intricate geometric complexity [1], [2]. The application of the aluminium alloy
AlSi10Mg, processed via a layer-by-layer high-energy laser melting technique, yields components
that are both lightweight and mechanically robust. Consequently, SLM has gained considerable
traction across diverse sectors, including automotive, aerospace, and general manufacturing [3].
Nonetheless, the SLM process frequently encounters significant challenges, such as distortion
during printing, which can adversely impact the dimensional accuracy and mechanical properties
of the final products [4], [5].

Thermal distortion is one of the primary obstacles, introducing uncertainties in the printing
outcomes and increasing the risk of defects [6], [7]. This distortion is primarily driven by rapid
temperature fluctuations and thermal instability, potentially leading to product failure and
increased production costs [8]. Recent studies have contributed to developing predictive models
to understand the distortion characteristics in metals such as nickel and titanium during the SLM
process [3], [9], [10]. However, these studies often do not explicitly explore the interaction
between dynamic processing parameters, such as laser scanning speed and input energy, with the
material's thermo-mechanical behaviour. Furthermore, many approaches still rely heavily on direct
experimentation, which is time-consuming and costly. As a result, computational simulations
remain an appealing alternative for predicting thermal and mechanical behaviour during the SLM
process.

Several studies have sought to develop thermal simulation models for predicting distortion in
metals processed by Selective Laser Melting (SLM); however, significant limitations persist. Many
models emphasize temperature distribution but neglect the critical interaction between thermal
and mechanical effects, such as residual stress formation during cooling, which significantly
influences print distortion [11]. Moreover, existing computational models frequently overlook the
anisotropic behavior of materials, especially alloys like AlSi10Mg, which experience substantial
microstructural and mechanical property changes throughout the multi-layer printing process [4],
[10], [12].

AISi10Mg is widely used in both SLM research and industrial applications due to its
advantageous combination of lightweight characteristics, high strength, excellent corrosion
resistance, and good thermal conductivity [13], [14]. These properties make it particularly suitable
for aerospace, automotive, and biomedical components. Additionally, its relatively favorable
printability and mechanical performance after SLM processing establish AlSi10Mg as a benchmark
material for investigating distortion and residual stresses in metal additive manufacturing [15],
[16], [17].

Current modeling approaches also inadequately represent more complex thermomechanical
phenomena essential for precise predictions in specific alloys such as steel [18], [19], [20]. Although
efforts have been made to simulate distortion across various metal materials, comprehensive
models that specifically address the unique features of materials like AlSi10Mg within the SLM
context remain underdeveloped. Furthermore, optimization of process parameters such as laser
speed and scanning path to minimize distortion often relies solely on thermal analysis, disregarding
broader mechanical interactions [8], [21]. To overcome these shortcomings, a model integrating
thermal, mechanical, and anisotropic factors is necessary to improve distortion prediction accuracy
during the SLM process.

Therefore, advanced computational techniques are essential for predicting distortion in SLM.
This study aims to comprehensively evaluate simulation models capable of effectively integrating
simultaneous thermal and mechanical effects on AISilOMg material. The findings, including
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Figure 1.

Simulation and
experiment approach
of the current study

Figure 2.
Geometry model of
tensile test specimen

Table 1.
Specification Alumunium
AlSi10Mg
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temperature distortion, heat distribution, stress, and strain, are expected to improve the final
product quality in SLM and contribute significantly to high-precision manufacturing applications.

2. Material and Method
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2.1. Computational Simulation based on FEM

In this study, specimens were made with two variations of part positions, 0° and 90°. The CAD
model of the AISi10Mg Aluminium Tensile test specimen was created with dimensions as shown in
Figure 2. The mechanical properties of AlISi10Mg aluminium alloy were determined as presented in
Table 1. A body-fitted Cartesian measuring type of 0.5 mm was used in the constructed components
to minimise the simulation process. For the base plate, hexadominant meshing of 4 mm size with
21320 elements and 3mm distance to the part was used. More details of the simulation modelling
scheme carried out in the study can be seen in Figure 3.

The material Aluminium AlISi10Mg was selected for this study due to its superior mechanical
and thermal properties, as well as its suitability for high-precision engineering applications such as
Selective Laser Melting (SLM). To provide a comprehensive understanding of the characteristics of
this material, the complete specifications of Aluminium AISi10Mg are presented in Table 1.

Density Modulus Elasticity Poisson’s ratio Yields Strength  Tangent Modulus  Specific
(kg/m3) (MPa) (MPa) (Mpa) Heat
2700 65000 0.33 60.7 450 896

2.2. Experimental Study

This study's tensile test specimen geometry was made using an Eplus3D EP-M260 Metal 3D
Printer machine. The AlISi1OMg aluminium alloy was atomised with argon gas. The laser firing
distance on the base plate was set at 150 mm, and samples were made sequentially with part
positions of 0° and 90°. To maintain data validity, the 3D printing process of each specimen was
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repeated three times. Furthermore,
the 3D printing results were evaluated
using a FARO Quantum M MAX 2.5m
7 axis 3D scanner. Distortion was
measured at several specimen points
from the overall length of the printed
tensile test specimen.

2.3. Tensile Strength Test

The results of tensile test
specimens that have been printed
using Eplus3D EP-M260 Metal 3D
Printer machine at variations of 0° and
90° scanning patterns are then tested
using a Universal Tensile Material
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o i a speed of 1 mm/minutes. The
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3. Results and Discussion

3.1. Simulation and Experiment Distortion

From the simulation using ANSYS in the Additive Manufacturing process with variations in
part position, the maximum distortion value was obtained with a part position of 90° to the base
of 0.303 mm and 0.329 mm at position 0°. The different position of the parts in the SLM process
causes variations in heat distribution, cooling, stress distribution, and gravitational influence, all of
which contribute to the distortion presented in Figure 4 and Figure 5. The lower distortion at 0°
position compared to 90° can be attributed to the more even heat distribution, faster cooling
process, and more well-distributed gravitational force.

Simulation analysis indicates that at a 90° orientation, the component’s contact surface with
the base is smaller compared to the 0° orientation (Figure 6 to Figure 8). During the removal support
step, the maximum distortion observed at 90° was 0.447 mm, while at 0°, it reached 0.606 mm.
This support configuration leads to a more localized heat distribution and slower cooling, as heat
dissipates through a smaller contact area with the base. Conversely, at 90°, the larger contact area
with the base promotes more efficient heat distribution and faster cooling, which contributes to a
reduction in distortion. Additionally, it is noted that gravity acting on parts oriented more
perpendicular to the newly deposited layer can induce slight bending or deflection, thereby
increasing distortion. In contrast, at 90°, the gravitational force aligns parallel to the base, allowing
the component to better retain its shape without significant bending or distortion [12]. In addition,
the expansion and contraction of the material due to heating and cooling are more likely to occur
in the horizontal direction, causing more significant deformation of the part. The residual stress
distribution is evener in the vertical position due to the larger contact area with the base. This helps
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Figure 5.

The simulation
predicted distortion
part (removal support
step)

balance the stresses and reduces the possibility of distortion. Contraction and expansion occur
more evenly because the part is better aligned with the base, so its shape tends to be more stable
during cooling [10], [22].

(SLM = 90°)

Figure 6.

The simulation
predicted distortion
Support 0° and 90°
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Figure 7.
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The distortion analysis of specimens scanned at a 90° orientation reveals a more uniform
distribution of distortion along the specimen length. The experimental and simulation results
indicate relatively consistent distortion values across multiple measurement points, with only
minor differences observed. This uniform distortion pattern is attributed to the cross-hatch
scanning strategy employed at the 90° orientation, which promotes more even heat distribution
during the manufacturing process. As a result, localized thermal stresses are minimized, thereby
reducing significant deformation in specific regions.

Quantitatively, the mean distortion values along the X-axis for the 90° orientation are 0.2521
mm (experimental) and 0.2502 mm (simulation) (Table 2). The low standard deviations 0.0446 mm
for experimental data and 0.0635 mm for simulation—further confirm minimal variation in
distortion across measurement points. The strong agreement between simulation and
experimental results validates the accuracy of the simulation model in capturing the underlying
thermal and mechanical behaviors associated with the 90° scanning configuration. This confirms
the model’s reliability in predicting distortion distribution and supports its application for process
optimization. In contrast, specimens scanned at 0° exhibit markedly different distortion
characteristics, with higher average distortion values of 0.2985 mm (experimental) and 0.3645 mm

Table 2. |Position along X 0° 90°
axis (mm) Simulation Experiment Stdev Simulation Experiment Stdev
P1 0.37038 0.0834 0.2029255 0.22903 0.284 0.03887
P2 0.51834 0.213 0.21590798 0.36715 0.2671 0.070746
P3 0.57701 0.0971 0.33934762 0.42121 0.4078 0.009482
P4 0.28701 0.3347 0.03372192 0.17985 0.098 0.057877
P5 0.38724 0.2239 0.11549882 0.20491 0.1174 0.061879
P6 0.12821 0.1839 0.03937878 0.11837 0.0195 0.069912
P7 0.10381 0.1322 0.02007476 0.13146 0.2795 0.10468
P8 0.35352 0.2958 0.0408142 0.22254 0.1043 0.083608
P9 0.4802 0.3264 0.10875302 0.35373 0.3262 0.019467
P10 0.48566 0.3323 0.1084419 0.37851 0.5101 0.093048
P11 0.28834 0.4306 0.10059301 0.18012 0.333 0.108102
P12 0.39425 0.9287 0.37791322 0.21517 0.2782 0.044569
Average 0.3644975 0.2985 0.14194756 0.250170833 0.252091667 0.06352
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Figure 9.
Stress-strain:
(a) SLM 0-0°
(b) SLM 0-90°
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(simulation). The simulation standard deviation of 0.1419 mm notably exceeds the experimental
standard deviation of 0.1155 mm, indicating greater variability in distortion across measurement
points. The maximum experimental distortion observed at point P12 reaches 0.9287 mm,
highlighting pronounced inhomogeneity in distortion for this orientation.

The increased and uneven distortion observed in the 0° orientation results from the
unidirectional scanning pattern, which produces an imbalanced thermal field and uneven heat
distribution. This induces localized thermal stress accumulation and elevates the risk of excessive
deformation in certain regions. Moreover, the simulation tends to underestimate distortion at
specific points relative to experimental measurements, revealing limitations of the model in fully
representing the complex thermal-mechanical interactions occurring during processing. The
unidirectional heat flow generates steep temperature gradients that exacerbate distortion and
compromise the dimensional accuracy of the final product [23], [24].

The comparison between the two scanning orientations emphasizes the critical influence of
scanning strategy on distortion behavior. The 90° cross-hatch orientation provides lower and more
uniform distortion due to balanced thermal input, making it preferable for applications requiring
high dimensional stability and precise deformation control. Conversely, the 0° orientation,
characterized by a unidirectional pattern, leads to higher and more heterogeneous distortion,
rendering it less suitable for components with stringent tolerance requirements. Therefore, the
90° scan orientation is recommended for manufacturing processes that demand strict control over
deformation and dimensional accuracy. When the 0° orientation is necessary, advanced process
control strategies such as optimization of scanning parameters or enhanced cooling techniques
should be implemented to mitigate distortion. Additionally, improving the fidelity of simulation
models is essential for accurately predicting distortion under conditions that generate uneven
patterns, such as the 0° scan orientation.

3.2. Tensile Strength

Analyses of the tensile test results of AlISi10Mg specimens moulded using the Selective Laser
Melting (SLM) method with laser scanning angles of 0° and 90° revealed stress-strain curves
showing significant differences in the strength and elasticity of the material due to variations in
scanning orientation, as presented in Figure 9.
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Figure 10.
Specimen fracture SLM
SLM 0°
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The specimen with a Scanning Orientation of 0° showed a high maximum stress (Fm) of 409.09
MPa, indicating that the material has excellent tensile strength at this orientation. The upper (FeH)
and lower (Fel) elastic stresses were recorded at 177.08 MPa and 174.39 MPa, respectively,
indicating that this material has a high elastic limit before entering plastic deformation. The initial
tensile stress value (Ft) was 13.26 MPa, indicating moderate initial resistance to early deformation.
This specimen achieved an elongation strain of approximately 6.30%, indicating the ability to
undergo moderate plastic deformation before fracture. From these characteristics, it can be
concluded that the 0° scan orientation can provide optimal tensile strength with the risk of brittle
fracture that may occur under extreme loading conditions. This orientation is ideal for structural
applications that require high tensile strength with limited deformation [25], [26].

In comparison, the Specimen with a 90° Scanning Orientation showed a lower maximum
stress of 193.56 MPa. This value indicates that the material's tensile strength at 90° orientation is
lower than that at 0° orientation. The upper (FeH) and lower (Fel) elastic stresses recorded in this
specimen are 116.65 MPa and 103.53 MPa, respectively, lower than the 0° specimen, indicating a
lower elastic limit of the material. However, the initial tensile stress (Ft) value of 34.47 MPa
indicates a higher initial resistance to initial deformation than the 0° specimen. In addition, this
specimen elongated to about 7.00%, which means better plastic deformation capability. From
these results, the 90° scan orientation seems more suitable for applications requiring more
excellent plastic deformation capability without requiring extremely high tensile strength [25].

A comparison of the results of these two specimens shows that the laser scanning orientation
in the SLM process significantly influences the mechanical properties of the resulting material. The
0° scanning orientation provides higher tensile strength and greater elastic limit, which is suitable
for applications that require structural strength and resistance to high tensile loads. On the other
hand, a scan orientation of 90° produces materials with higher elasticity, which is more suitable for
applications that require more significant plastic deformation and flexibility in resisting strain
without the risk of sudden fracture. These results demonstrate the importance of scan orientation
selection in metal moulding processes using SLM to optimise the mechanical properties of
materials according to application requirements [26].

3.3. Macro Photo of Specimens Fracture

Figure 10 shows a fracture in a specimen with a scanning angle of 0°, which is shown to have
a rough fracture surface with uncertain contours. This fracture surface indicates a brittle fracture

Rapid Crack

Shear Fracture

Brittle Fracture

Granullar
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Figure 11.
Specimen fracture SLM
SLM 90°

Moch. Agus Choiron et al.

with pointed and bright characteristics. This structure suggests that the applied tensile force
caused a fracture in the specimen. The 0° orientation indicates that the moulded layers are
arranged parallel without significant angle variation, potentially reducing the bond between layers.
As a result, the tensile strength of these specimens may be decreased as the bonds between the
layers are not as strong as those formed at orientations with more diverse angles. As such, these
specimens are prone to brittle fracture as the tensile force is directly directed along the direction
of the weak bond [27].

The fracture in the specimen with a 90° scan angle shows a more varied surface and
indications of more Complex Disruption (Figure 11). This different fault surface from the 0°
specimen may indicate that the 90° orientation provides better cohesion between layers, with
some parts of the fault showing a stronger bond between layers. In the 90° orientation, the
different angles between the layers allow the tensile forces to be distributed more evenly and
increase the resistance to early cracking. This leads to slower deformation; some areas may
experience plastic deformation before the fracture is fully established. Overall, specimens with a
0-90° orientation tend to have more tensile fracture characteristics, which suggests that this
orientation is more suitable for applications that require better resistance to tensile forces.

Specimens with a 90° orientation show better tensile strength potential and stronger
resistance to fracture compared to specimens with a 0° orientation. This orientation distributes
the tensile stress better and improves cohesion between layers. In the context of 3D metal printing
for structural applications, choosing the proper scan angle can improve the mechanical
performance of the mould, mainly when used in applications subjected to constant or cyclical
tensile loading [28].

low Defect k
Completely Ductile Fracture RHIT Kl Crate

Ductile Fracture

Granullar

4. Conclusion

Comparison between simulation and experimental results shows that the laser scanning
orientation significantly influences the distortion pattern in AlSi10Mg SLM-printed specimens. The
90° scanning orientation results in more even distortion and lower values of 0.303; 0.335 mm
compared to the 0° orientation of 0.329; 0.378 mm, making it a more suggestion choice for
applications with a high degree of dimensional control. These results are essential to promote the
adoption of moulding parameter settings in the SLM process to improve print quality and product
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dimensional stability, which are critical in industrial applications that require high tolerance to
distortion.
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