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Abstract Additive manufacturing is a manufacturing process that allows the produc-
tion of complex parts and has many advantages over conventional production
methods. However, the pre-processing stage is still time-consuming and open to
failure. Build orientation is one of the pre-processing stages, which have a crucial
effect on support requirement, build cost, and accuracy of the produced part. In
recent years, a number of research have been made to optimize build orientation for
surface roughness, the requirement of support structures, build time, and cost. For
metallic additive manufacturing, a limited number of research has been carried out.
Selective laser melting is one of the powder bed fusion technologies that allows the
production of high-performance metallic parts. In the selective laser melting process,
some defects may occur due to residual stresses resulting from solidification during
the process. Build orientation is important in selective laser melting to ensure proper
heat flow throughout to entire structure during the process. After the build orientation
is selected, the part slices into layers. Each layer builds on the previous layer, and
production carries out. The cross-sectional areas of these sliced layers depend on the
build orientation. This study investigates the effect of cross-sectional areas on the
geometric accuracy of the part. The numerical evaluation shows that the distribution
of layers has a significant impact on geometrical accuracy. First, the effect of the
mean cross-sectional area on the thermal distortion was investigated. It is observed
that the geometric accuracy of the part decreases for the build orientation, which has
a higher mean cross-sectional area. In addition, it is revealed that the increase and
sudden change of the cross-sectional area in the build direction negatively affect the
geometric accuracy.
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1 Introduction

Additive Manufacturing (AM), also known few other names as three-dimensional
(3D) printing, rapid prototyping, etc., is defined “process of joining materials to make
parts from 3D model data, usually layer upon layer” in ISO/ASTM standard [1]. AM
processes have many advantages like design flexibility and less waste material over
subtractive manufacturing techniques. In addition, complex parts like the final output
of a topology optimization can be manufactured using AM technologies. Therefore,
AM process is considered revolutionary in manufacturing industries. AM processes
have been divided into seven main categories according to ISO 17296-1 where
Powder Bed Fusion (PBF) is one of them.

Selective Laser Melting (SLM) is one of the PBF processes widely used for
producing high-quality functional metallic parts, especially in the aerospace and
medical industries. The working principle of SLM is melting and fusing metallic
powder layer by layer with high-power laser to build part according to 3D data
similar to other AM processes. The SLM process became one of the most exciting
AM technologies available today for rapid prototyping and mass production with
a range of high mechanical performance metallic alloy options. The SLM process
starts with slicing 3D data considering layer thickness to two-dimensional scanning
areas. For each manufacturing cycle, a recoater spreads metal powders with desired
layer thickness. Each layer is then melted and fused by the laser beam controlled in
the planned path to solidify the selected cross-section area.

However, besides all of these advantages, there are several problems, such as
shape distortions and residual stress due to the high thermal gradient in the SLM
process. The entire process may be disturbed after the collision between reacoater
and the distorted part caused by undesired cracks, warpage, and delamination during
the process. Another challenge is the geometric accuracy of the product after the
manufacturing process. Due to residual stress, large deformation occurs on the part
after removing it from the build plate. For these reasons, the SLM process differs
from other AM processes. Pre-process stages become much more essential to achieve
successful results in the SLM process.

The build orientation is very important for all additive manufacturing methods,
especially the SLM process, and dramatically impacts the printing time, support
structure volume, staircase effect, surface roughness, shrinkage, and distortion.
Overall, the part quality and production cost highly depend on build orientation.
In the literature, much research has been conducted to optimize the build orientation
for different AM processes. Wodziak et al. [2] presented a method using Genetic
Algorithms (GA) to determine the optimum arrangement of parts by considering
their maximum dimensions. This study aimed to utilize the production volume and
minimize the build time in the Stereolithography (SLA) process. Alexander et al.
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[3] proposed a cost estimation method to predict the best build orientation in Fused
Deposition Modeling (FDM) and SLA. Thrimurthulu et al. [4] presented a model to
evaluate the surface quality and the build time. They used these estimation models
and GA to obtain the optimum build orientation for the FDM process to enhance
surface roughness and minimize build time. Byun and Lee [5] aimed to determine the
optimum build orientation according to average weighted surface roughness, build
time, and cost using the multi-attribute decision-making method in FDM, SLA,
and Selective Laser Sintering (SLS) processes. Canellidis et al. [6] proposed GA
and multi-optimization methods to detect near optimum build orientation in SLA.
Build time, post-processing time, and surface roughness have been considered as the
objectives. Li et al. [7] selected build orientation with established models to opti-
mize support required area, surface quality, and build time using Particle Swarm
Optimization (PSO).

The number of studies on build orientation has increased rapidly in the past
decade. Most of these studies focused on minimizing support structure volume
[8—13], enhancing part quality [9—-15], reducing build time [9-17] and build cost
[10, 15-19] in FDM, SLA, and SLS kind of non-metallic processes. GA, Non-
Dominated Sorting Genetic Algorithm (NSGA), PSO electromagnetism-like algo-
rithm, stretched simulated annealing algorithm, a grey incidence evaluation model,
zooming-Taguchi method, and NSGA-II used for these studies.

However, a few studies were carried out in PBF processes to optimize build
orientation. Calignano [20] investigated the trade-off between build orientation and
minimal support structure requirement. Das et al. [21] provided an approach to deter-
mine optimal build orientation considering minimizing the support structure volume
while meeting geometric accuracy in Direct Metal Laser Sintering (DMLS) process.
The approach they used has been based on a mathematical model between build
orientation and dimensional accuracy developed. Morgan et al. [22] presented a
gradient-based single objective optimization of build orientation to minimize the
volume of the support structure. Brika et al. [23] developed an approach to optimize
build orientation for the PBF processes considering the volume of the support struc-
ture, mechanical properties, surface quality, build time, and build cost. Cheng and
To [24] performed the multi-objective optimization considering residual stress and
volume of the support structure. After obtaining optimal build orientation, experi-
mental validation has been conducted on a complex part. Griffiths et al. [25] presented
a methodology for detecting an optimum build orientation and bin packaging in the
SLM process using an iterative tabu search procedure. The initial solution of the
proposed approach has been benchmarked against commercial software. Qin et al.
[26] proposed a method that contains two-step for PBF processes. In the first step,
the facet clustering-based approach has been applied to create the different build
orientations automatically [27]. And second, the weighted sum model has been used
to select optimal build orientation considering support volume, volumetric error,
surface roughness, build time, and cost.

In this study, the effect of the cross-sectional areas formed as a result of the
build orientation on the geometric accuracy is investigated considering the mean
value of cross-sectional area, the incrementation and decrementation behavior of
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cross-sectional area throughout build direction, and the sudden changes in the cross-
sectional area throughout build direction.

2 Residual Stress and Deformation in Selective Laser
Melting

One of the significant drawbacks of the SLM process, whose schematic diagram is
shown in Fig. 1 is the residual stresses that occur and accumulate in rapid heating
and cooling cycles. Residual stresses could lead to failure and have a bad influence
on the mechanical properties and geometrical accuracy of the manufactured part.
Therefore, unlike other AM processes, support structures are also used in the SLM
process to minimize the effect by ensuring a uniform distribution of temperature and
preventing errors that may occur due to residual stresses.

In the SLM process, the solidification process repeatedly occurs in a complex
phase transformation zone created by rapid heating and cooling. According to Fang
et al. [28], the residual stress source in the laser welding is very similar to the SLM
process considering the thermo-mechanical conditions. During the SLM process,
the high energy density laser melts the powder layer rapidly, and thermal expansion
occurs in the affected area, as shown in Fig. 2a. As the laser beam moves across the
selected area of the layer, the previously heated area starts to get cold and shrink
as shown in Fig. 2b. The previously fused powders constrain this shrinkage, and
therefore, residual stress arises in that region. The cycle of melting and solidification
of cross-sectional areas through layer by layer continuously accumulates residual
stress [28].

Residual stress in the SLM process can cause the failure of the performed part
due to crack, warpage, delamination. These errors can occur directly on the part,
between the part and the substrate, between the part and the support structure, and
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Fig. 1 Schematic representation of selective laser melting process
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Fig. 3 Some failure examples of AM process: a cracking, b cracking, ¢ cracking between support
and part, d warpage of structure without a support structure, e warpage between the part and
substrate, and f warping on test components [28]

between the support structure and the substrate, as shown in Fig. 3. Some studies
were carried out to estimate residual stress in the SLM process [29-35].

3 Build Orientation and Its Effect on Geometric Accuracy

The build orientation determines the number of sliced layers and the cross-sectional
area distribution of these layers. The cross-sectional areas affect the geometric accu-
racy of the part desired to be produced with AM due to thermal distortion generated
by the high thermal gradient in the SLM process. Thermal distortion may cause a
crash between recoater and the deformed part. Distortion of the manufactured part
can be minimized with appropriate build orientation and support structure in the
SLM process. This study showed that cross-sectional areas of layers affect distortion
of the geometry in three different ways.

Thermo-mechanical analyses were carried out in Altair Inspire 2020 with process
parameters that were given in Table 1.
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Table.1 Process parameters Parameter Value
Velocity 1.3 m/s
Laser power 370 W
Powder layer thickness 3e-05m
Powder absorption 10.0%
Cooling time 150 s
Base temperature 303.15K

3.1 Effect of Mean Value of Cross-Section Area Throughout
Build Direction

Thermo-mechanical analyses of the test specimen with a constant area, which is
planned to be produced with the SLM process, were performed for different build
orientations based on three different faces of the test specimen. The cross-sectional
area will be the same in all layers after slicing the test specimen in the particular
orientation shown in Fig. 4. Therefore, the mean value of the cross-sectional areas
will be the same as the surface on which it is placed on the substrate. The mean
value of the cross-sectional area, which is represented as A,, can be calculated with
Eq. ().
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Fig. 4 Test specimen with constant area throughout build direction
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In this equation, A; indicates the cross-sectional area in the relevant production
step, and L indicates the number of layers.

In the orientation shown in Fig. 4a, the mean value of the cross-sectional area
is calculated as 0.0084 m” and represents the largest area for the relevant sample.
In this build orientation, the maximum displacement that occurred in the piece was
determined as 3.204 x 10~ m. For the mean value of cross-sectional area of 0.0028
m? (Fig. 4b) and 0.0003 m? (Fig. 4c), the maximum displacement that occurred in
the piece was measured 1.326 x 10~ m and 8.408 x 10~ m, respectively. Printing
times of given build orientations were determined as 5,233 s, 5,988 s, and 30,455 s,
respectively.

The analysis results showed that the increase in the mean value of the cross-
sectional area means that the distortion of the part also increases. However, the rise
in the dimension of the part in the build direction dramatically increases the SLM
process printing time. For this reason, the mean value of the cross-sectional area and
production time should evaluate together to optimize build orientation.

3.2 Effect of Incrementation and Decrementation Behavior
of Cross-Sectional Area Throughout Build Direction

A cone-shaped test specimen with the same mean value of the cross-sectional area
in two different build orientations was designed. However, despite having the same
mean value of the cross-sectional area in both build orientations, it is seen that the
maximum displacement in Fig. 5b is five times higher than in Fig. 5a. The reason for
this difference is due to the incrementation and decrementation behavior of the layer’s
cross-sectional areas throughout the build direction shown in Fig. 6. In the SLM
process, it is wanted to decrease the cross-sectional area monotonously throughout
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Fig. 5 Cone-shaped test specimen
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Fig. 6 Area distribution of cone-shaped test specimen throughout build direction

the build direction. This can be considered one of the most important things to be
careful about optimizing build orientation in the SLM process. However, it is hard
to evaluate this effect on a relatively complex part.

3.3 Effect of Sudden Changes in Cross-Sectional Area
Throughout Build Direction

The part shown in Fig. 7 is a relatively more complex part compared to the previous
two specimens, and it is equally more difficult to evaluate. In this specimen, the
mean value of cross-sectional area, change behavior in cross-sectional areas, and
sudden cross-sectional area changes throughout the build direction were examined.
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Fig. 7 Thermo-mechanical analysis result of the test specimen on different build orientations
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Fig. 8 Area distribution of test specimen throughout build direction

The magnitude of the cross-sectional area change and the mean value of the cross-
sectional area in Orientation 1 seems less than Orientation 2 in Fig. 8. However,
unlike Orientation 2, an increased behavior of the cross-sectional area was observed
throughout the build direction in Orientation 1. For this reason, the maximum
displacement in Orientation 1 was measured at 1.356 x 107> m, which is higher
than Orientation 2.

Although the graphical behavior in Orientation 3 seems similar to Orientation
2, the mean value of the cross-sectional area and the magnitude of changes in the
cross-sectional areas are quite small. Therefore, the maximum displacement obtained
in this build orientation occurred at 4.546 x 10~ m, and it was determined as the
best build orientation in terms of geometric accuracy. The magnitude of the overall
changes () in the cross-sectional areas can be evaluated with Eq. (2).

L 2
S = \/Z,’:1 (Ai - Am) (2)

4 Conclusion and Future Work

In this research, the effect of the sliced layer’s cross-sectional areas which occurs as
a result of build orientation, on geometric accuracy has been investigated. First, the
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effect of the mean value of the cross-sectional areas was established by analyzing the
result of the thermo-mechanical analysis. Evaluation of the mean value of the cross-
sectional areas alone minimizes the maximum displacement that will occur on the
manufactured part. Still, it is clear that increasing the dimension of the manufactured
part in the build direction increases the printing time dramatically. Therefore, the
mean value of the cross-sectional areas and dimension of the part’s bounding box in
the build direction must evaluate together.

The thermo-mechanical analysis showed that it is wanted to decrease cross-
sectional area monotonous throughout the build direction in the SLM process. The
behavior of change in the cross-sectional areas throughout build direction can be
considered one of the most important things to be careful about optimizing build
orientation in the SLM process. However, it is hard to evaluate this effect on complex
parts. The magnitude of the cross-sectional area changes throughout build direction
also has an impact on geometric accuracy. Sudden changes have a bad influence on
geometric accuracy, especially impulsive incrementation behavior crucially affecting
the SLM process. This paper provides a perspective for determining optimal build
orientation in the SLM process.

As future work, we plan to integrate the knowledge of this paper into an optimiza-
tion algorithm as an objective function to obtain optimal build orientation considering
thermal distortion.
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