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ABSTRACT

TOPOLOGY OPTIMIZATION OF AN AIRCRAFT STRUCTURAL PART
FOR ADDITIVE MANUFACTURING

OZKARA, Mustafa

M.Sc. in Mechanical Engineering

Supervisor: Assoc. Prof. Dr. Samet AKAR
June 2023, 78 Pages

Topology optimization is a powerful tool for creating high-performance parts
that meet specific functional requirements while minimizing material usage and
manufacturing costs. It typically involves creating a digital model of the part, defining
the functional requirements and constraints, and using software algorithms to generate
a range of possible designs. Although this tool has been used for many years, there
have always been many problems in the manufacture of optimized parts. As
technology develops, there have been significant developments in various
manufacturing techniques to be able to implement optimized parts for industries. One
of the most important techniques is additive manufacturing (AM). The combination of
topology optimization and AM has brought several advantages to eliminating the
manufacturing difficulties of the parts that are topologically optimized, especially in
the aerospace industry. With these developments, the optimized design can be
produced using AM and the final part can have a geometry designed according to its
intended use. This thesis provides an overall study of optimization advantages by
making comparisons using parts that are designed and analyzed with traditional and

additive manufacturing techniques per different AM materials.

Keywords: Additive manufacturing, Additive manufacturing materials,
Topology optimization, Aircraft structures, Ti-6Al-4V, AlSi10Mg



OZET

BiR UCAK YAPISAL PARCASININ KATMANLI IMALAT ICIN
TOPOLOJi OPTIMIiZASYONU

OZKARA, Mustafa
Makine Miihendisligi Yiiksek Lisans

Danigsman: Dog. Dr. Samet AKAR
Haziran 2023, 78 sayfa

Topoloji optimizasyonu, malzeme kullanimini ve iiretim maliyetlerini en aza
indirirken belirli islevsel gereksinimleri karsilayan yiiksek performansli parcalar
olusturmak icin giicli bir aragtir. Tipik olarak, parcanin dijital bir modelini
olusturmayi, islevsel gereksinimleri ve kisitlamalar1 tanimlamay:1 ve bir dizi olasi
tasarim olusturmak i¢in yazilim algoritmalarini kullanmay1 igerir. Bu ara¢ uzun
yullardir kullanilmasina ragmen, optimize edilmis pargalarin imalatinda her zaman
bir¢ok sorun olmustur. Teknoloji gelistikge, endiistriler i¢in optimize edilmis parcalar
uygulayabilmek i¢in cesitli iiretim tekniklerinde Onemli gelismeler olmustur. En
onemli tekniklerden biri eklemeli imalattir (AM). Topoloji optimizasyonu ve AM
kombinasyonu, 6zellikle havacilik endiistrisinde topolojik olarak optimize edilmis
parcalarin iiretim zorluklarini ortadan kaldirmak i¢in ¢esitli avantajlar saglamistir. Bu
gelistirmeler ile optimize edilmis tasarim AM kullanilarak iiretilebilir ve son parca
kullanim amacina gore tasarlanmis bir geometriye sahip olabilir. Bu tez, farkli AM
malzemelerine uygun olarak geleneksel ve eklemeli tiretim teknikleriyle tasarlanan ve
analiz edilen pargalar1 kullanarak karsilastirmalar yaparak optimizasyon avantajlarinin

genel bir caligmasini saglar.

Anahtar Kelimeler: Eklemeli imalat, Eklemeli imalat malzemeleri, Topoloji
optimizasyonu, Ugak yapilari, Ti-6Al-4V, AlSi10Mg
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CHAPTER |
INTRODUCTION

With the improvements in software technology, studies in many areas have
evolved into searches for optimizing outputs. Optimization aims to find the best
solution among all possible alternatives, given a set of constraints and a defined
objective function. It can be involved in many research and business areas such as
engineering, finance, industry etc. It generally aims to reduce cost, production time or
any constraint considering given inputs and outputs to be achieved.

With the developments in technology, many methods have become available
thanks to computers and software. As in many areas, it has been always a trending
topic in the engineering field [1]. In engineering optimization weight, production time
and cost can be limiting factors for optimization studies. For structural optimization,
it refers to a highly advanced approach to designing structures that involves achieving
the most effective configuration through the distribution of materials that meets

specific load conditions, constraints, and performance criteria [2].

Figure 1: Topology Optimization Example of a Bracket [3]



As Figure 1 shows, the initial mass of the bracket is higher than the condition,
which applied topology optimization. By using software, calculations are made to
remove unnecessary material in the specified domain.

It should also be considered that manufacturing limitations may affect the final
design. If it cannot be produced by any manufacturing method, the part becomes
useless for any engineering field, even topology optimization presents the ideal
geometry.

Additive manufacturing, also known as 3D printing, is a process of creating
three-dimensional objects by adding layers of material one by one. This contrasts with
traditional manufacturing methods, which typically involve subtractive processes
(such as cutting or drilling) or molding and casting. It enables engineers to overcome
the limitations of traditional manufacturing methods when creating topology-
optimized structures, thereby allowing them to focus primarily on designing
lightweight and high-performance structures [2].

The designs with lattice structures that can be easily produced through additive
manufacturing technologies are the best examples of this situation in the field of
mechanical engineering. The motivation behind for implementation of lattice
structures in designs is reducing weight and enhancing multifunctional features.
Topology optimization, which is one of the methods used to produce lattice structures,

has been noted as an effective tool to obtain optimal forms [4].

1.1 OBJECTIVE

Topology optimization has proven to be a useful technique in achieving designs
that are lightweight and high-performance, particularly in the fields of aeronautics and
aerospace engineering [5]. In this study, an aircraft part that is currently used in service
is optimized by considering manufacturing and installation constraints by using
ANSYS.

The objective of this study is to demonstrate that additive manufacturing
expands the possibilities of creating lighter designs without sacrificing any

functionality. The resulting design will be compared to a conventionally sized design.

1.2 ORGANIZATION OF THESIS
There are five chapters in this thesis. In Chapter 1, an introduction is given to

provide brief information about the scope of the thesis. Chapter 2 covers the literature

2



survey and studies about topology optimization and current technologies in additive
manufacturing. Chapter 3 includes all the analyses and studies of an aircraft structural
part which is the main purpose of this thesis. In Chapter 4, the effects of production
direction in AM on optimization analyses related to anisotropy are researched. Chapter

5 provides all the study results and the discussion about these results.



CHAPTER II
BACKGROUND AND LITERATURE SURVEY

From the beginning of structural design, it is always desired to have lightweight
and stiff parts. With this motivation, many researchers have studied optimization over
decades [6]. Although optimization has been developed by computer technology,
manufacturing limitations prevent obtaining the maximum benefits of optimized parts
[7]. Thanks to additive manufacturing, production problems have been solved
nowadays, but still, there are many problems that should be considered [2].

2.1 TOPOLOGY OPTIMIZATION

Structural optimization refers to a process of designing and analyzing a structure
to achieve the best possible performance under specified conditions, subject to
constraints such as size, weight, strength, and cost. The goal of structural optimization
is to find the optimal shape, size, and configuration of a structure to maximize its

performance while minimizing the material and manufacturing costs.

\/
X0

Figure 2: 2D Structural Optimization Example [8]

There are several types of structural optimization, including topology
optimization, shape optimization and size optimization. Size optimization refers to a
process of determining the optimal cross-section dimensions of each element in a
structure to vary its measurements to achieve the ideal form. Shape optimization
involves improving the outer features of the structure, leaving its connections as are.
Topology optimization explains how the elements that make up the structure can be

connected in the best way [9]. Among these optimization types, topology optimization

4



is the most comprehensive method as it provides new design ideas for engineers and
designers without the need for preliminary design [10].

()

(©) IZD

Figure 3: Examples of Sizing Optimization(a), Shape Optimization(b) and Topology
Optimization(c) [11]

2.1.1 Topology Optimization Procedure

The first step is the structural problem definition step where a designer or
engineer will define the design domain and its boundary conditions, loads and
constraints. The user generally shares this information through a user graphic interface
of an analysis program. The design domain is the maximum usable volume of the part
that will be optimized. Next, the design area created by the user is transformed into a
model made up of smaller parts, known as finite elements, to better understand the
stresses and strains of each part. By carrying out analyses for the initial part with these
inputs, displacements and stresses are found. Then, topology optimization eliminates
material from regions that do not play a significant role in supporting the applied loads,
as determined by the stress and displacement distribution. The design is improved
using a chosen optimization approach, and the new structure is examined once again

using advanced calculation methods for finite elements.

Original 3D Finite Element Topology
mlp- | Analysis of Original | =) e
CAD Model Optimization
Model
Remodeling
Final Design == | Design Verification | === | Optimized Model
(Smoothing)

Figure 4: Topology Optimization Procedure
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This back-and-forth process is repeated many times, sometimes even a hundred
times, until the best possible design is found. Figure 4 and Figure 5 show optimization

steps to better understand the whole process and the iteration sequence of the analyses.

. B

Original design Original part FEA result \

As topology optimized shape

o ¢
-

Final design validation FEA result Final optimized design

Figure 5: Topology Optimization Process [12]

2.1.2 Topology Optimization History and Methods

The beginning of the search for lightweight design solutions is the studies of
A.G.M Michell [13] an Australian engineer [14]. Michell searched for the optimal
material distribution by using truss structures that can carry only tension and
compression loads. Finding the optimal layout of truss structures by determining the
most efficient arrangement can be accepted as the first structural optimization concept
in the literature and it has inspired further developments.

After Michell, many methods and research are worked in the last 100 years. In
the year 1988, a seminal work of Bendsee and Kikuchi [15] has become the beginning
of the modern era of topology optimization. Their work expanded the applicability of
topology optimization beyond trusses to continuum structures, which significantly
broadened its scope in engineering and design.

Their approach to topology optimization was based on homogenization, which
assumed that the structure was made up of non-homogeneous elements consisting of

solid and void regions. They used an optimization process to obtain an optimal design



while considering the volume constraints. In their methods, areas with dense cells are
defined as structural volumes, while areas with empty cells are considered unnecessary
material [16]. Thomsen [17] discussed the use of the homogenization technique to
maximize the integral stiffness of a structure made of one or two isotropic materials
with high stiffness in 1992.

o & b & 8 a 8

.
* 4 & 4 2 8 0 8 02
L A A A A

Figure 6: Homogenization-based Optimized Topology Example [18]

Since then, many different topology optimization techniques have been
developed, including density-based method, evolutionary structural optimization
(ESO), and level set method (LSM) [2].

2.1.2.1 Solid Isotropic Material with Penalization (SIMP)

One of the most popular approaches to topology optimization, the density-based
approach, was set by the key research of Bendsee [19] and Rozvany and Zhou [20].
The density-based method transforms a 0-1 discrete optimization problem into a
continuous optimization problem to enable the relaxation of the binary design form.
The homogenization method was initially used to map a specified microstructure
controlled by density variables to effective properties, but it is difficult to implement
due to mathematical complexity [2].

After all, an alternative approach is proposed called Solid Isotropic Material with
Penalization (SIMP). The SIMP method is a popular topology optimization technique
that penalizes the element elastic modulus exponentially based on density variables
compared with homogenization [2]. It has a compact form and is widely embedded in
commercial software to solve engineering problems.

The distribution of material is achieved by adjusting the densities of elements
within the mesh as mentioned before. However, in traditional methods, the distribution

is made by assigning the design domain, p, a binary value:



® (e = 1 where material is used
®  p(e =0 where material is not used
With the introduction of a relative density function, the density can vary between
a minimum value p,,,;,, and 1 so that there can be elements with intermediate densities.
The minimum allowable relative density value for empty elements greater than zero is
denoted as p,,;,. This specific density value is crucial to maintaining the numerical
stability of the finite element analysis.
The penalty factor, denoted as 'p', reduces the impact of elements with
intermediate densities (gray elements) on the overall stiffness, which is the
penalization portion of SIMP. This factor is used to guide the optimization solution

towards elements that are either fully solid black (p.) = 1) or completely void white

(P(e) =Pmin)- The formulation is as follows:

N
Minimize Compliance : c(p) = UTKU = Z(pe)pugkeue

e=1

Subject to: % =f (2.1)

o
KU = F;
0 <pmin =1;
Where c is the compliance, N is the number of elements, u, is the elemental
displacement vector, k. is the elemental stiffness matrix, U is global displacement
vector, K is global stiffness matrix. In addition, F is global force vector and V' is the

volume of the design.

2.1.2.2 Evolutionary Structural Optimization (ESO)

Evolutionary Structural Optimization (ESO) is a topology optimization method
that is inspired by the evolutionary processes found in nature. Since it was proposed
by Xie and Steven [21], it has become one of the most widely used topology
optimization methods.

It starts with an initial design, often a fully solid structure, and iteratively
removes material based on a performance measure until an optimal design is achieved.
The concept behind this idea is simple and empirical. It involves the gradual removal
of elements with the lowest stresses, as a means of allowing the structure to evolve

towards an optimal state [22]. The ESO principle is based on the discrete design



variable method (also called the "hard kill" method), as opposed to the continuous
design variable approach utilized in SIMP (known as the "soft kill" method). The hard
Kill parametrization in ESO involves the local addition or removal of high-conductivity
material in a single step, while the soft kill method in SIMP increases or decreases it
gradually and by small amounts [23].

ESO has several advantages, such as its simplicity, ease of implementation, and
ability to handle various types of optimization problems. However, it also has some
limitations. For instance, ESO may not be as effective for problems where adding
material is necessary to achieve an optimal design. To solve these issues, researchers
have developed the Bi-directional Evolutionary Structural Optimization (BESO)
method [24, 25], which extends the ESO concept by including the addition of material

during the optimization process.

2.1.2.3 Level Set Method (LSM)

The level set method is a boundary-based approach for topology optimization
that represents the structure's boundary as the zero-level set of a higher-dimensional
function, called the level set function [2]. It offers advantages such as smooth boundary
representation, the ability to handle complex topologies, and ease of managing
topological changes during topology optimization.

The LSM method was first used by Osher and Sethian [26] for modeling moving
boundaries. After that, Haber and Bendsee [27] used this level-set-based concept for
Topology Optimization in 1998. Then, many researchers started to work on this new
concept [28].

With its ability to handle complex topologies and represent smooth boundaries,
it has become a popular choice for topology optimization problems that involve

intricate designs or require a high level of detail.

2.2 ADDITIVE MANUFACTURING

Additive manufacturing (AM) or 3D printing is a method that enables the
production of parts with complex geometries by adding the material layer by layer
different from the traditional production methods, which remove material from bulk.
Figure 7 shows a brief example of the comparison between traditional manufacturing

and additive manufacturing.



Traditional manufacturing

-*‘*‘

Starting material Machining Final product

Additive manufacturing /)
/ ‘

Filaments 3D printing Final product

Figure 7: Comparison Between Traditional Manufacturing Technique and Additive
Manufacturing [29]

Since its first steps in the 1980s, the technology has evolved significantly over
the years with numerous innovations and advances leading to the development of
various additive manufacturing processes [30].

The first product capable of 3D manufacturing is the Stereolithography
Apparatus, developed and patented by Chuck Hull in 1984 [31]. After that, he co-
founded 3D Systems, so the world’s first 3D printing company has been established.
With this invention, Stereolithography (SLA) became the first 3D manufacturing

method.

Figure 8: Stereolithography Apparatus Patent [31]
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After Chuck Hull, the second biggest development of 3D manufacturing took
place. In 1989, Scott Crump developed Fused Deposition Modeling (FDM), a process
that extrudes thermoplastic material through a heated nozzle, depositing it layer by
layer to form a 3D object. Crump patented the technology the same year [32]. With
this patent, he and his wife, Lisa Crump, co-founded Stratasys Ltd. which later became

one of the leading companies in the additive manufacturing industry.

3D PLOTTER

AR AR AYATRROR

Figure 9: Stratasys' First Operating 3D Printer [33]

With these steps in 3D manufacturing, many researchers and companies focused
on this new production technology. From construction to biomedical applications, it

has been a trending topic because of its low cost and easy product renewability [34].

2.2.1 Additive Manufacturing Methods
Many methods have been developed since SLA was invented. As mentioned
earlier, many companies work to apply the right method according to their field of

application because each method has its strengths and weaknesses.
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2.2.1.1 Stereolithography (SLA)
SLA uses a UV laser to selectively cure a liquid photopolymer resin, solidifying
it layer by layer to create a 3D object. This method is known for its high resolution and

smooth surface finish but may require support structures for overhanging parts.

Figure 10: Hlustration of SLA Method [35]

2.2.1.2 Fused Deposition Method (FDM)

FDM extrudes thermoplastic material through a heated nozzle, depositing it
layer by layer to form a 3D object. This technique is widely used due to its affordability
and versatility in materials, but it typically has a lower resolution and surface finish

compared to other methods.

Figure 11: Hllustration of FDM Method [35]

2.2.1.3 Selective Laser Sintering (SLS)
SLS uses a high-power laser to fuse powdered material (such as nylon,

polystyrene, or metal) layer by layer, creating a solid 3D object. This method can

12



produce strong, durable parts without the need for support structures, but it often
requires specialized equipment and post-processing.

Scanner System

Powder Delivery Piston

Figure 12: lllustration of SLS Method [35]

2.2.1.4 Binder Jetting

This technique involves depositing a liquid binder onto a powder bed and
bonding the particles together to create a solid object. The process is suitable for
various materials, including metals, ceramics, and sand. Binder jetting can produce
parts quickly and at a lower cost, but they usually have lower strength and require post-

processing.

Figure 13: Illustration of Binder Jetting Method [35]

2.2.1.5 Electron Beam Melting (EBM)

Like SLS, EBM uses an electron beam to melt powdered metal materials in a
vacuum chamber. EBM can produce complex, high-strength metal components, but
the process is slower and more expensive than other methods. Due to its high strength
properties, it can be used in the aerospace industry in the production of structural parts
such as turbine blades and fuel nozzles, which must withstand extreme temperatures

and stresses.
13
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Figure 14: lllustration of EBM Method [36]

2.3 TOPOLOGY OPTIMIZATION FOR ADDITIVE MANUFACTURING
The increase in the possibility of using additive manufacturing has paved the
way for the use of this new technology for topology optimization. The main problem
of topology optimization is the manufacturability of the optimized parts because, in
optimization, the main goal is reducing the material in volumes that are not needed.
Even if the mass of the final design is reduced, there might be volumes with complex
geometries which cannot be manufactured by using traditional manufacturing
methods. Nevertheless, it is possible to manufacture these complex parts with additive
manufacturing. AM allows for greater design freedom and the production of complex
geometries that were previously unattainable. Combining AM with topology
optimization opens new possibilities for lightweight and high-performance

components.
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As In many areas, aerospace companies are also trying to adapt to this new
opportunity. Since mass is the main determinant for any aircraft, it is extremely
advantageous to use topology optimization for structural parts. An example of using
additive manufacturing is the fuel nozzle tip for CFM LEAP engines of GE Aviation.
The company shipped its 100,000"" 3D-printed nozzle tip in 2021 [37]. So, it showed
that mass production can also be possible with additive manufacturing.

Figure 15: 3D Printed Nozzle Tip [37]

2.3.1 Manufacturing Constraints for Optimized Parts

Although it seems like there will be no manufacturing limitations, additive
manufacturing has its own constraints such as minimum length, connectivity,
overhang, and anisotropy. Combining these constraints with topology optimization
will provide realistic and reliable results for the design engineers to achieve the
maximum efficiency of additive manufacturing which is the most accepted and

currently studied method among new manufacturing techniques [5].
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2.3.1.1 Minimum Length

AM technologies have limitations on the minimum feature size that can be
accurately printed, based on factors such as the resolution of the printer and the
material being used. Designs with features smaller than the minimum allowable size
may result in incomplete or inaccurate parts.

Directly additively manufacturing topology-optimized structures can be
challenging so it is essential to apply length scale restrictions during topology

optimization to prevent the creation of non-manufacturable geometric features [2].

Figure 16: Topology Optimization Example without(left) and with(right) Minimum Length
Constraint [2]

2.3.1.2 Connectivity

One of the most critical constraints in Additive Manufacturing is the removal of
unused powder in Powder Bed Fusion [38]. In this method, the part is produced by
melting or fusing the metal powders regarding the area of the layer. After
manufacturing is done, the final design must not contain any enclosed voids, as this is
crucial for powder-based additive manufacturing methods. If optimized structures
possess enclosed voids, they will trap unmelted powder, leading to increased weight
[39]. To create lightweight designs and enable the recycling of unmelted powder, it is
essential to eliminate any unmelted powder trapped within enclosed voids.

Recently, Zhao et al. [40] introduced a successful method for managing
structural connectivity in topology optimization. This technique allows for a
harmonious balance between structural performance and the impact of controlling

structural complexity.
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Figure 17: Example of Optimization Without Connectivity Constraint(left) and With
Connectivity Constraint(right) [2]

2.3.1.3 Overhang

For many AM methods, the feature angle has significant importance. When a
specific angle is reached (typically 45 degrees relative to the build platform) or a
feature is entirely overhanging, these areas lack support, which often fails [7]. To solve
problems associated with these overhanging elements, temporary support structures
are created to facilitate geometries that exceed the angle limit. However, these supports
increase both time and material consumption during the manufacturing process and
adversely impact the final part's surface quality, as they must be subsequently removed
during post-processing [41].

To overcome this issue, it is better to implement an overhang constraint to

topology optimization so that any support structure is not needed.

Figure 18: Comparison of Topology Optimization Before and After Overhang Constraint [2]
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2.3.1.4 Anisotropy

Anisotropy is an important challenge in Additive Manufacturing. Due to the
layer-by-layer manufacturing process, the material's microstructure within each layer
differs from that at the interfaces between layers. This anisotropic behavior leads to
varying mechanical properties in 3D printed components when subjected to tension or
compression, as opposed to their performance in the horizontal direction [34].

During the process, the layers are typically bonded together using techniques
like melting, sintering, or curing. As the layers are stacked and bonded, the mechanical
properties of the printed object can differ along the build direction compared to the
plane of the layers.

The method in which anisotropy is observed the highest is FDM and 50%
difference may occur in the parts [42]. This ratio may decrease to 10% for SLS and to
approximately 1% for SLA method [42].

Yigitbas1 S. studied the mechanical properties of Ti64 samples manufactured in
the x-y-z direction [43]. The samples are manufactured with EBM method and all
samples are machined after production for cleaning the support structures and
improving the surface roughness to be able to obtain the same conditions for different
samples. Figure 19 shows the building directions of the specimens.

Figure 19: Building Directions [43]
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All the samples have been exposed to tensile force with a tensile test setup. The
results show that there is a difference between the directions and strengths.

Table 1: Mechanical Properties of the Samples

X Samples Y Samples | Z Samples
Ultimate Tensile Strength [MPa] 967 + 29 988 + 13 1023 + 21
Yield Strength [MPa] 852 + 16 895+ 14 940 + 23
Young’s Modulus [GPa] 155+ 17 136 + 17 158 + 22

Z specimens that were built parallel to the applied force, have better results on
UTS, YS and E than X and Y specimens that were built perpendicular to the applied
load. Given that, both X and Y specimens are manufactured in the same orientation
with tensile test applied load, variations in scanning strategies could account for the
differences between them [43].

Other studies in anisotropy show that there are differences in strength values
according to building orientation [44, 45, 46, 47, 48]. However, topology optimization
has predominantly used idealized isotropic material models, which neglect the
influence of material anisotropy on both the design and performance of the structure

[2].
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CHAPTER 111
IMPLEMENTATION AND OPTIMIZATION OF AN AIRCRAFT PART

In this thesis, a currently used aircraft part will be re-designed and optimized by
considering additive manufacturing constraints. The main purpose of the study is to
show how successful the combination of topology optimization and additive
manufacturing is and can be used to create effective parts in the future. As mentioned
before, there are many challenges and limitations in this technology but by considering
appropriate constraints, successful studies can be achieved.

3.1 DEFINITION AND AIM OF THE PART

An average military aircraft has thousands of parts. Most of this number consists
of structural parts. While the main task of these parts is to carry the flight loads, they
are also responsible for carrying the avionics systems components which are the
electronic systems of the aircraft.

Structural parts can be mainly divided into two categories according to their
requirements:

e Structural Airframe Parts

e System Installation Parts

Figure 20: Sectioned View of F-16
20



Structural airframe parts are supposed to carry all aerodynamic loads, inertia
loads, and loads that can be occurred during extreme maneuvers. In general, they
provide structural integrity for the aircraft. They also provide a connection interface
for the installation parts. Examples of this category can be given as frames, spars,
longerons, wing-body fittings, etc.

On the other hand, system installation parts are responsible for carrying inertia
and abuse loads of the avionic components and other required components for many
different systems and sub-systems.

The part that will be studied is a system installation part and the only load which
will be considered is the inertia loads of a component connected to it by removal

fasteners. The part should carry a component that has approximately 12 kg mass.

Figure 21: A Picture of the Currently Used Part

Figure 21 shows the part which is currently in service. The material is AL 7050
and it is manufactured by using traditional machining techniques and also it has a mass
of 1.712 kg. The maotivation for choosing this installation part is to provide a
comparative study between the initial optimized part for traditional manufacturing
methods and a new design that will be optimized according to additive manufacturing.

Although optimization was carried out earlier for this design, there are many
manufacturing difficulties in the production of it. Since the load-carrying features are
placed to be able to carry the stresses, many volumes should be subtracted from a big

rough part. The dimensions for the EOP of the part are given in Figure 22.
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Figure 22: EOP Dimensions of the Part [mm]

3.2 CONSTRAINTS AND LOAD CASES

Before the optimization process begins, constraints and loads must be evaluated
and applied because other following steps will be done according to these first inputs.
As mentioned before, the relevant part is supposed to carry a component that has
approximately 12 kg and the only load that will be applied is the inertia forces of this
component. Detailed load explanations will be given in the following sections.

On the other hand, constraints can be divided into two categories: manufacturing
constraints and analysis constraints. The basic manufacturing constraints described in
Section 2.3.1 will also be applied to this study to achieve a successful manufacturable

design.

3.2.1 Manufacturing Constraints
As explained before, owing to nature of the additive manufacturing there are
limitations and constraints. The most important of them are minimum length,
connectivity, and overhang. Anisotropy should also be considered but, in this study,
isotropic analyses are carried out using minimum allowable values.
22



Minimum Length

It is recommended that use at least 1 mm as the minimum member size for parts
that will be using EBM method. Since the part may be manufactured by using this
technique in the future, a minimum of 1 mm should be used. With consideration of

surface roughness and post-processing steps, 1.5 mm is chosen as the minimum length.

Connectivity
Since the part may be manufactured using Powder Bed Method, there should not
be any closed void elements in the part. To ensure that, after the optimization is carried

out each result was analyzed to see if there is such a feature.

Overhang

Although one of the most critical constraints for additive manufacturing is the
overhang angle, the powder bed method provides an advantage in minimizing the use
of support structures. Since the first trials of optimizations showed that there are no
critical features for support structures, the overhang constraint is not implemented in
the analyses for optimization. While the manufacturing is carried out in future studies,
this constraint may be taken into account in case of production trouble.

3.2.2 Analysis Constraints

Space is a very important issue while designing a part for any kind of aircraft.
Since the increase in the volume means an increase in mass, designs should be done
considering this constraint. In addition to that, there is a very limited area in an aircraft
because of all the other system components. So, the dimensions of the newly optimized
part should not exceed the values which are given in Figure 22.

In addition to EOP constraints, there must be a certain volume that should not be
filled with material in optimization because the system component that will be fastened
to the optimized part has a feature consisting of cooling fins. There is a requirement
that states there should be a minimum distance between these fins and the supporting

structures. In Figure 23, the blue feature shows the volume that must be avoided.
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Figure 23: Volume Constraint of the Part

The fastener locations between the aircraft structure and the support part will be
the joint constraints in ANSYS Mechanical. Since the support is a structural part there
is no need for removal operations so, all the fasteners can be selected as permanent
joints like rivets and hi-loks.

To ensure that there will be no fail, fastener analyses should also be done but in
this study, the only objective is to achieve an optimized part and make a comparison
with the old design. Fastener locations and numbers are also related to the other
analyses so all the fasteners are considered as rigid elements which has no deformation.
There are also fasteners between the support part and the system component, but they
will also not be analyzed in this study.

In Figures 24 and 25, the green surfaces are the connection interfaces of the
system component that the optimized part should carry. The fasteners will be placed
in the holes on these green surfaces. These surfaces must be in complete flush contact
because of the electrical bonding so, there is a surface requirement that should be
considered in optimization analyses. While the optimization is carried out, these

surfaces must be kept.
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The red surfaces are the aircraft structures that can be used to fix the optimized
part. Therefore, these surfaces also indicate the outer volume limits.

Figure 25: Joint Interfaces of the Support from Bottom View
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3.2.3 Loads

As mentioned before, the only load which will be applied is the inertia load of
the system component with a mass of 12.65 kg. Inertia load refers to the resistance of
an object to a change in its state of motion. It is determined by the object's mass and
its distribution around its axis of rotation. When a change in force is applied to the
object, such as during a change in speed or direction, the object's inertia causes it to
resist the change in motion and maintain its current state. The inertia force can be

calculated as follows.

F=mxg (3.2)

Where m is the mass of the object in kilograms and g is the acceleration of the
object in (m/s"2).

During severe maneuvers, the g forces increase up to 7 — 8g. It means that in a
normal state when there is no motion, the earth’s gravitational acceleration is
considered as 1g but for an aircraft, there may be extreme motions that increase the
gravitational acceleration.

The structural analyses are carried out for extreme conditions according to
aviation regulations. Although forces are calculated as a result of flight loads, there
may be another case that might result in higher forces than flight loads like a crash or
collision. For this reason, g values are taken as shown in Table 2 in accordance with

aviation standards.

Table 2: G Values of the Analyses
Direction X Y Z
G Values -30.11 3.18 -5.00

According to these g values, corresponding forces in 3 directions are given in
Table 3 by using Equation 3.2. Since these forces are the inertia forces, all of them are

implemented from the CoG of the system component as shown in Figure 26.

Table 3: Inertia Forces with Corresponding G Values in Different Directions

Direction X

Y

z

Forces [N]

-3736

395

-619
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The distances of the system component’s CoG (which is the center of the forces)
are 313.247 mm in x, 111.043 mm in y, and 336.442 mm in z directions from point O

as shown in Figure 26.

Figure 26: Optimization Part and The Force Center

3.3 VERIFICATION OF CURRENT PART
Before the optimization analyses, a structural analysis of the current part is
carried out to verify the part. Comparisons were then made between this analysis and

previous studies to ensure that the results are the same.

3.3.1 Material

The material of this current part is Aluminum 7050 T7451. The properties of
the material are given in Table 4 according to MMPDS. Since the main requirement
states that, ‘The part should not fail under the most extreme loading condition’ the
safety factor and optimization analyses are carried out with considering the UTS

(Ultimate Tensile Strength) of the materials.
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Table 4: Material Properties of AL 7050 [49]

Density Tensile Yield Tensile Ultimate | Young’s Modulus | Poisson’s
[kg/m~3] | Strength [MPa] Strength [MPa] [GPa] Ratio
2820 434 489 71 0.33

3.3.2 Analyses
With using defined values, static structural analysis is carried out. ANSYS

Mechanical is used, and the results are given in Figure 27 and Figure 28.

A: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15

430,28 Max
] 382,48
| 334,67
—| 286,86
239,05
191,24
| 143,44

95,628
I 47,82
0,011678 Min

Figure 27: Maximum Von-Mises Stress of Static Structural Analysis

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

1.4051 Max
. 1,249
1,0928
— 093672
mn 07806
0,62448
— 046836

0,31224
I 0,15612
0 Min

Figure 28: Total Deformation of Static Structural Analysis

28



Max stress is 430 MPa which provides min. safety factor of 1.137 as shown in

Figure 29.

A: Static Structural
Safety Factor

Type: Safety Factor
Time: 1

15 Max

10

5

1,1365 Min
0

Figure 29: Safety Factor of the Analysis

With these results, the part does not fail under all excessive loads. But as
mentioned before because of the manufacturability difficulties and inappropriate
stiffener placement, topology optimization can provide better and lighter designs. It
can be observed that stresses have occurred in the connection interface between the
part and the system component, but there is no feature to avoid stress concentration.

To obtain the proper volume distribution in accordance with the stress

concentrations, different design concepts are obtained by using AL 7050 first.

3.4 TOPOLOGY OPTIMIZATIONS AND ANALYSES

Because of the surface requirement which was explained in Section 3.2.2, the
connection surfaces must be kept during the analyses.

By the dimensions of the current part, several design options are considered by
using a volume as shown in Figure 30. This volume represents the maximum space
that can be used for the new part. There is a big gap in the middle of the part due to a

feature of the system component which was also introduced in section 3.2.2.
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Figure 30: Optimization Volume with All Connection Areas

The highlighted areas are the connection features of the system component and
the structure. By using these boundary conditions, 5 different design concepts are
considered for obtaining the most efficient material distribution. Mass is selected as
the most important criterion for choosing the most suitable concept and all these
concepts are obtained by using Ansys Discovery. Since mass is the determining factor,
it is set to get 1 as a Safety Factor for all concepts. All concepts are calculated and

analyzed in this direction to select the most suitable option in terms of mass.

Figure 31: First Design Concept

For the first concept, the bottom and the top connection surfaces are kept, and
the resultant part has a mass of 1.716 kg as shown in Figure 31. Since the structural
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boundary conditions are selected as explained, the part has features of more than 45-
degree inclination according to the bottom or top surfaces. Due to this result,
unnecessary support elements will have to be added in the production of the part which

is not suitable for the overhang constraint as explained before.

Figure 32: Second Design Concept

For the second alternative shown in Figure 32, the bottom and the front surfaces
are determined as structural connection boundaries. In this analysis, it is observed that
the bottom surface does not affect the volume of carrying the regarding loads. All the
volume between two surfaces is removed in the analysis. The mass for this alternative
is obtained as 1.834 kg.

Figure 33: Third Design Concept
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After the results in concepts 1 and 2, the bottom surface is not selected. For the
structural connections top and front surfaces are kept during the analysis. The part has
a mass of 1.608 kg. Even though the overhang for the part is reduced, there are still

similar surfaces that are not suitable.

Figure 34: Fourth Design Concept

For this alternative only the top surface is chosen for the structural connection
boundary and the mass of the final volume is obtained as 1.286 kg. The best volume
for the overhang constraint is achieved with this concept. Also, the mass of the part is

reduced more than in other alternatives.

Figure 35: Fifth Design Concept
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For the final concept, the front and bottom surfaces are kept during the analyses
and the resultant volume has a mass of 1.464 kg. Although the mass is significantly
reduced, some features are hard to be manufactured because of the same reasons as
Concept 1.

After obtaining all these alternative design solutions, a comparison is made
between them for selecting the most suitable boundary conditions in the following

analyses and studies. The final masses of these volumes are given in the table below.

Table 5: Mass of the Different Concepts
Concept | 1 2 3 4 5
Mass [kg] | 1.761 1.834 1.608 1.286 1.464

According to the mass values and the volumes, it is observed that the bottom
connection surface acts like an additional boundary condition. Alternatives without
this area have lighter volumes also, from the manufacturing perspective, it is difficult
to produce these large volumes stacked on different surfaces in one part.

Considering all the results, the most suitable concept is chosen as 4 because it is
the most appropriate alternative for both manufacturing and mass criteria. All the
optimization analyses and other studies are carried out in this direction.

The optimization and the result verification analyses are done by using ANSYS
Mechanical and the Optimization Type is set to ‘Density Based’. The response
constraint is selected as mass because the main aim of this study is to reduce the weight
of the initial part. It is defined as an ‘Absolute Constant’ with a maximum value of 1.3
kg firstly to show there is a chance for a reduction in mass around %25 of the part
compared with 1.712 kg which is the mass of the current part. The Objective of the

analyses is set for minimizing Compliance.

3.4.1 Optimization By Using AL 7050

As explained before, the first optimization is carried out by using AL 7050 as
material. The optimization constraints and the material properties were defined in
sections 3.2 and 3.3 before. Figure 36 shows the final volume after the smoothing is

done by using SpaceClaim.
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Figure 36: Optimization Result for AL 7050

Smoothing is an important step for optimization because there are many
discontinuities and sharp edges in the optimized volume. Therefore, verification
analyses should be carried out for smoothed volume. The verification results for AL

7050 analyses are shown in the below figures.

E: Static Structural AL 7050 Validation
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1s

438,84 Max
. 207,72

181,75

155,79

. 129,82

‘ 103,86
- 77,895
z

51,93
I 25,965
0,0003773 Min )Q

Figure 37: Maximum Von-Mises Stress of Optimized Region for AL 7050
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E: Static Structural AL 7050 Validation
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1s

. 438,84 Max
207,72
= 18175

mm 15579
mm 12982

103,86 :
77.895 X‘$' Y
51,93
I 25,965
0,0003773 Min

Figure 38: Von-Mises Stresses of Optimized Region for AL 7050

As shown in Figure 37, the maximum stress occurs on the constraint region for
the structural connection area, and it is below the UTS of the material which is 489
MPa. It is important to show that there is a stress concentration on the corner of the
subtracted volume, but it is also below 489 MPa. The Safety Factor result is shown in

the below figure by the von-mises stresses.

E: Static Structural AL 7050 Validation
Safety Factor

Type: Safety Factor

Time: 1

15 Max
m,

5
i 1,1143 Min
0

Figure 39: Safety Factor of Optimized Region for AL 7050
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It is understood that the optimized part can carry the loads as minimum SF is
obtained as 1.11. The mass of the final part is 1.157 kg so there is a 0.550 kg reduction
in mass which has a big importance in the aviation industry.

According to these results, the mass of the selected part can be reduced by
optimization analyses. So, the analyses are continued using additive manufacturing
materials such as Ti64 and AlSi10Mg. The reason for selecting these two materials is
their availability in the market.

AlSi10Mg has similar properties and characteristics to AL 7050 so it is expected
that there will be no significant difference between these two materials. But, Ti64 has
different properties and there is a big difference between Tensile Strengths. For this
reason, the study is continued for the results that will be obtained when Ti64 is selected

as the material.

3.4.2 Optimization By Using Ti64

Ti6AIl4V is a form of titanium (Ti) alloyed with aluminum (Al), vanadium (V),
and other minerals. This alloy is particularly popular in the aerospace, medical, and
automotive industries because of its lightweight, high strength, and corrosion
resistance. The lightweight and durability of Ti6Al4V (usually Ti64) make it an ideal
choice for airframes, engine parts, and other structural components. Thanks to its high
heat resistance, it can also be used in high-temperature environments such as jet
engines. Combined with additive manufacturing, these properties of Ti6Al4V make
the material an ideal option for producing complex geometries and customized parts.
This is particularly advantageous for single-piece or small-volume production needs.

As mentioned before, Yigitbas1 S. [43] studied the mechanical properties of
Ti64, and the results were given in Table 1 there are more studies in the literature. One
of the most significant studies is done by the National Aeronautics and Space
Administration [50]. The samples are manufactured by using EBM method and the

experimental results for tensile properties are given in Table 6.
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Table 6: Experimental Tensile Properties [50]

Sample | Build | Ez, | Proportional | 0.02% | 0.2% | Ultimate | Failure | Failure RA.
GPa limt, yvield, | vield. | strength. | strength, | stramn, | percent
MPa MPa | MPa MPa MPa percent
-196 °C
25 1-1-2 | 129 1530 1534 | 1702 1744 1671 10.9 20
43 1-1-2 | 126 1582 1582 | 1696 1731 1695 8.1 3
105 1-2-2 | 126 1579 1583 | 1695 1733 1682 9.8 17
122 2-4-1 | 124 1407 1416 | 1555 1608 1607 5.8 6.5
170 2-4-5 | 121 1452 1455 | 1549 1605 1565 12.2 18
191 2-4-9 | 120 1478 1478 | 1589 1646 1633 8.8 12
-101°C
28 1-1-1 | 128 1272 1283 | 1336 1394 1289 14.0 26
55 1-1-4 | 124 1243 1258 | 1324 1387 1301 14.3 22
95 1-2-2 | 127 1266 1276 | 1339 1406 1356 12.4 19
147 2-4-3 | 121 1180 1187 | 1243 1300 1274 13.1 18
160 2-4-4 | 119 1191 1196 | 1237 1287 1238 13.7 22
198 2-4-8 | 122 1117 1160 | 1244 1304 1208 15.7 27
20°C
I 1-1-2 | 125 | - el e B - T B
65 1-1-4 | 124 974 998 1028 1126 1000 21.5 30
67 1-1-4 | 122 980 1000 | 1025 1122 998 21.0 31
115 1-2-1 | 126 967 992 1024 1140 1014 20.7 30
135 2-4-2 | 118 908 929 960 1042 962 202 28
173 2-4-6 | 118 914 935 965 1051 960 20.7 29
186 2-4-6 | 118 928 941 972 1048 1027 9.8 11
HI | ——--- 118 865 896 958 1058 970 13.6 12
R 119 831 866 950 1057 992 132 14
HIl | - 118 866 901 977 1081 1064 14.4 13
149 °C
34 1-1-2 | 118 745 788 813 948 676 18.1 49
78 1-1-3 | 117 768 798 819 941 627 22.0 55
86 1-2-2 | 117 792 804 817 944 834 18.2 43
141 2-4-1 | 111 701 722 747 841 576 220 58
153 2-4-5 | 113 689 730 760 854 753 17.1 50
183 2-4-9 | 113 729 749 775 861 540 21.1 39

Also, in a study of Manikandakumar Shunmugavel, Ashwin Polishetty, and Guy
Littlefair [51], the mechanical properties of Ti64 manufactured by SLM method are

given in Table 7.

Table 7: Tensile Properties of the Tested Bars [51]

Material SLM Ti-6AI-4V SLM Ti-6Al-4V
(Longitudinal) (Transverse)

Young’s Modulus [Gpa] 113 109

Yield Strength [Mpa] 964 1058

Ultimate Tensile Strength [Mpa] 1041 1114

Percentage of Elongation [%0] 7 3

Percentage of Reduction in Area [%0] 13 11
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One of the largest AM printer manufacturers EOS has also studied the
mechanical properties of Ti64 by their printers. The company also provides AM

powders and the properties are given in Table 8.

Table 8: Mechanical Properties of Ti64 Provided by EOS [52]

) Ti-6Al-4V Ti-6Al-4V (Heat-
Material (As-built) treated)
Young’s Modulus [Gpa] 110 116
Yield Strength [Mpa] 1060 860
Ultimate Tensile Strength [Mpa] 1230 930
Percentage of Elongation [%] 10 14

As shown in the tables, there are many different values obtained by different
studies and companies and these values do not converge on a single value for strengths
of Ti64. To be able to preserve the conservative approach, Tensile Strength is taken as
880 MPa and the Ultimate Strength is taken as 950 MPa for the analyses. The density
of the material is 4330 kg/m”3 and the Young’s Modulus is taken as 113 GPa.

Optimization settings and constraints were kept the same with the AL 7050
analyses. Since the most appropriate concept was determined before, the optimization
is carried out in accordance with this alternative. The optimized smoothed volume by
the given values is shown in Figure 40.

Figure 40: Optimized VVolume for Ti64
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The structural analyses according to the given loads are given in Figure 41 and

Figure 42.

H: Static Structural Ti64 Validation
Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MPa
Time: 15

863,23 Max
681

498,76
316,52
263,77
211,02
158,27
105,51
52,761
0,0078534 Min

z

..

Figure 41: Maximum Von-Mises Stress of Optimized Region for Ti64 - 1

H: Static Structural Tié4 Validation
Ecuivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15

863,23 Max
n 81
498,76
316,52
263,77
211,02

£ 15go7

105,51
I 52,761
0,0078534 Min

Figure 42: Maximum Von-Mises Stress of Optimized Region for Ti64 - 2

The Safety Factor analysis is also given in Figure 43 for Ti64 according to
Ultimate Tensile Strength of the material which was determined as 950 MPa earlier.
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H: Static Structural Ti64 Validation
Safety Factor

Type: Safety Factor
Time: 1

15 Max
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As shown in Figure 43, the minimum Safety Factor is obtained as 1.10 which

Figure 43: Safety Factor of Optimized Region for Ti64

means this optimization is also successful. Since the optimization settings are the same
as the AL 7050, this optimization ended up with more conservative results because the
Ti64 has more stiff properties.

The optimized volume has a mass of 1.375 kg, which means there is a 0.337 kg
reduction in mass. The value was 0.550 kg for the Al 7050 but, the final comparison

will be done after the analyses are carried out for AISi10Mg.

3.4.3 Optimization By Using AlSi10Mg

AlSi10Mg is an alloy obtained by mixing aluminum, silicon, and magnesium in
certain proportions. This alloy generally contains 90% aluminum, 10% silicon, and
magnesium as a percentage. It is used in many applications due to its high stiffness,
good strength to weight, excellent thermal conductivity, and low coefficient of thermal
expansion.

AlSi10Mg is one of the most preferable materials in industries such as
automotive, aerospace, electronics, and machine manufacturing. It is considered an
ideal material for additive manufacturing (3D printing) because it has excellent casting
properties. The ability to print complex geometries and manage heat effectively makes
this alloy suitable for electronic devices and other similar applications. It is widely
used in additive manufacturing using metal 3D printing technologies such as Selective
Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS).
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Much research has been done on the mechanical properties of ALSi10Mg. Since

the material is also used in the casting method, many data are available in the literature.

However, when additive manufacturing takes place, there will certainly be differences

in the properties. One of the most representative studies is done by K. Kempen,
L.Thijsb, J. Van Humbeeck, and J. P. Krutha in 2012 [53]. The following table shows
the experimental results for samples produced by SLM method.

Table 9: Mechanical Properties of SLM Samples [53]

_ AlSi10Mg AlSi10Mg AlSi10Mg
Material (XY Direction) | (Z Direction) (Conventional cast)
Young’s Modulus

68 68 71
[Gpa]
Ultimate Tensile
Strength [Mpal 391 396 300-317
Percentage of
Elongation [%] 5.55 3.47 2.5

In addition to Table 9, Figure 44 shows the Stress-Strain Graph of AlSi10Mg

samples which are produced in different directions.

Tensile tests: Stress- Strain curve
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Figure 44: Stress-Strain Curve for Different Directions [53]

Z direction
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As shown in the results, the parts produced by SLM methods have higher UTS
than the samples produced by conventional casting. The reasons for this difference are
the microstructure and the distribution of the Si phase [53].

EOS has also studied the mechanical properties of AISi10Mg by using the same
procedures as the Ti64 tests. Since the conditions and manufacturing techniques are
the same, the comparison between the properties of Ti64 and AlSi10Mg can be made

by using their values.

Table 10: Mechanical Properties of AlSi10Mg Provided by EOS [54]

. AlSil0Mg AlSi10Mg (Heat-
Material (As-built) treated)
Young’s Modulus [Gpa] 75 70
Yield Strength [Mpa] 270 230
Ultimate Tensile Strength [Mpa] 460 345
Percentage of Elongation [%0] 6 11

Like Ti64, the values do not converge according to the studies and the tests. By
using the same conservative approach as before analyses Yield Strength and Ultimate
Strength are determined as 230 MPa and 410 MPa respectively. Density is taken as
2680 kg/m”3 and the Young’s Modulus of the material is 70 GPa.

Using the same optimization setting and constraints, all the analyses are carried

out again. The smoothed final volume after the optimization is shown in Figure 45.

I

Figure 45: Optimized VVolume for AlSi10Mg
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K: Static Structural AlSi10Mg Validation
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1s

273,89 Max
217,12
160,35
113,04
65,733
52,587
39,44

26,294
13,147
0,00078949 Min

S

Figure 46: Maximum Von-Mises Stress of Optimized Region for AlSil0Mg — 1

K: Static Structural AlSi10Mg Validation
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
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Figure 47: Maximum Von-Mises Stress of Optimized Region for AlSil0Mg — 2

For the aluminum, the minimum Safety Factor is obtained as 1.49 after the
smoothing process. The mass of the volume is reduced to 1.058 kg even the highest
SF is obtained by comparing the other materials. The part which is in use has a mass
of 1.712 kg so almost %40 of the material is removed by performing optimization
studies using AISi10Mg.
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K: Static Structural AlSi10Mg Validation
Safety Factor
Type: Safety Factor
Time: 1
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Figure 48: Safety Factor of Optimized Region for AISil0Mg — 1

K: Static Structural AlSi10Mg Validation
Safety Factor
Type: Safety Factor
Time: 1
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10

= 5
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Figure 49: Safety Factor of Optimized Region for AlSi1l0Mg — 2

3.5 OPTIMIZATION RESULTS

As explained in section 3.4.1, two different materials are studied to be able to
choose the proper material for reducing the weight. Firstly, AL 7050 is used for
determining the optimization constraints and settings. There have been many analyses
using this material since all the conditions should be the same for the next analyses to
compare 2 different materials. The results were presented in detail in the previous
sections.

After this step, Ti6Al4V and AISi10Mg were used for the analyses. The results

and final masses of the optimized parts are given in Table 11.
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Table 11: Results of the Analyses

. AL 7050 AL 7050 . .
Material (Current) (Optimized) Ti6Al4V AlSil0Mg
Safety Factor 1.13 1.11 1.10 1.49
Mass [Kkg] 1.712 1.157 1.375 1.058
Percent of Mass . %32.41 %19.68 %38.20
Reduction

Results clearly show that aluminum-based materials are more advantageous in
weight than titanium-based materials. In addition to this condition, using aluminum is
safer since all the other surrounding parts are made of AL 7050. The mass advantage
and avoidance of the risk of galvanic corrosion in dissimilar materials make AISi10Mg
the most suitable material for optimization analyses.

After the material selection, the same steps are taken for considering fastener
locations and all the aviation and company requirements to obtain the final

manufacturable part. The optimized volume can be seen in the below figures.

Figure 50: Final Optimized Part from Right
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Figure 52: Final Optimized Part from Front

As shown in Figure 52, the connection surfaces are kept flat as possible to get a
better bonding area and the load transfer between the fastener and the structure. These
surfaces are dimensioned according to structural design criteria such as minimum
distance to radius, minimum distance to edge, and minimum distance between the
fasteners by fastener diameter.

Also, there are some limitations, which are determined by the manufacturing
team and come from the printer like printing direction, infill patterns, etc. Validation

analyses for the final part are given below figures.
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L: AlSi10Mg Final Model
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15
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0,00024762 Min
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Figure 53: Maximum Von-Mises Stress of Final Optimized Part — 1

L: AlSi10Mg Final Model
Equivalent Stress
Type: Equivalent {von-Mises) Stress
Unit: MPa
Time: 1s
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Figure 54: Maximum Von-Mises Stress of Final Optimized Part — 2

L: AlSi10Mg Final Model
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15
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Figure 55: Maximum Von-Mises Stress of Final Optimized Part — 3
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In Figure 55, it is seen that there is a stress concentration on the corner of the
subtracted volume. The same result appeared in AL 7050 analysis but like before
analyses, the stress concentration level is below the UTS of the material.

According to the stress requirements, a minimum level of 1 for the Factor of
Safety is a good result, but it is still desirable to maintain levels of 1.5 in the analysis.
Because even when all conditions are considered, there may still be missed calculation

errors due to the programs. The SF analyses are also given in the below figures.

L: AISi10Mg Final Model
Safety Factor

Type; Safety Factor

Time: 1

15 Max
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0
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Figure 56: Safety Factor of Final Optimized Part — 1

L: AlSi10Mg Final Model
Safety Factor

Type; Safety Factor
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Figure 57: Safety Factor of Final Optimized Part — 2

The minimum safety factor is obtained as 1.65 as shown in the figures. The
minimum acceptable value of SF is 1.5 as mentioned before so this result passes all

the stress requirements.
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CHAPTER IV
ANISOTROPIC TOPOLOGY OPTIMIZATION

Anisotropy can be explained as a change in the properties of a material
depending on its orientation. As an example, the strength or conductivity of a material
may be different in one direction than in the other. This occurs naturally, for example,
in composite materials, natural crystals, and wood, and significantly influences the
behavior of the material in engineering applications.

It is one of the most remarkable challenges in topology optimization since the
directional dependence of the material's properties can affect the overall performance
and efficiency of the design. Due to the layer-by-layer manufacturing technique, the
composition of the material in each layer is different from the composition in the
regions where the layers meet. This dissimilarity in structure results in various
mechanical properties in components produced by 3D printing, creating anisotropic

properties. The reason for this dissimilarity can be explained by using Figure 58.

Layer 3
= -
Layer 2 Inte.rlayer
44 Region
Layer 1

Figure 58: 3D Manufacturing Scheme

Since the production occurs layer by layer, some regions may not melt and
solidify within a complete unity as a layer. When the force is applied perpendicular to
these regions, the material cannot act as a whole solid so there may be failure in these
areas.

The same phenomena can also be shown in composite materials. Since fibers are
not capable of carrying load perpendicular to the fiber direction, the staking is done by
considering the load path on the part. In 3D printing technology, there is only one
direction for manufacturing so, even if the same method cannot be applied, there are

many methods to overcome this problem.
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4.1 ANISOTROPY OF T164 IN ADDITIVE MANUFACTURING

Previously, the main studies and examples were given in Section 2.3.1.4, and the

tensile test results applied to the samples produced in 3 different directions were given

in Table 1 [43]. In the following figures, stress-strain graphs can be shown.

Tensile stress [MPa]
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Figure 59: Stress vs. Strain Graph of X Direction [43]
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Figure 60: Stress vs. Strain Graph of Y Direction [43]
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Figure 61: Stress vs. Strain Graph of Z Direction [43]

50



According to these graphs, there is a considerable difference in the Z direction
even X and Y directions are almost the same. Since the results obtained in the Z
direction have lower values one can be said that the parts which are produced
perpendicular to the printing direction are weaker than the parts produced parallel to
the printing direction.

As mentioned before, according to aviation regulations it is common and
required to use minimum strength value considering the material is isotropic. This
method provides conservative and trustable results. In Chapter 3, all the analyses were
done by using this rule, and the final part was successfully tested. In the following
analyses, optimizations are done on a cubic sample that has dimension of 40 mm. The
anisotropic material properties of Ti64 are taken from the study of Yigitbasi S. which
were shown in Table 1 before [43].

During the topology optimizations, all the cases are exposed to same boundary
conditions and optimization settings. The material is selected as Ti64, and mass of the
first volume is obtained as 0.277 kg. One side of the cubic part is fixed, and the
opposite side is selected as the force face in x and y directions. To be able to perform
noticeable analyses the value of the force is determined as 4000N as shown in Figure
62. The response type is selected as ‘Mass’ and it is constrained as %10 to retain.

A: Tiod Aniso - X
Static Structural
Tirme: 1. 5

[&] Fixed Support
[B) Force: 4000. M

Figure 62: Boundary Conditions of the Anisotropic Analyses

The force is applied in both x and y directions as explained before. The validation
analyses after the optimizations are shown in the following figures. Firstly, the
analyses are carried out using isotropic material properties as made in previous

chapters. After that, optimizations have been done considering anisotropic properties.
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F: Ti6d Iso - X
Equivalent Stress
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Figure 63: Maximum Von-Mises Stress of Optimized Volume in X Direction - Isotropic
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Figure 64: Maximum Von-Mises Stress of Optimized Volume in Y Direction - Isotropic

As shown in the figures, the optimizations are carried out almost the same for x
and y directions. There is a small difference between the maximum von-mises stresses,
and this difference may occur because of the sensitivity of the analyses and the
program errors. The masses of the final volumes are obtained as 0.041 kg for both

directions.
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C: Ti6d Aniso - X
Equivalent Stress
Type: Equivalent fvon-Mises) Stress
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Figure 65: Maximum Von-Mises Stress of Optimized Volume in X Direction - Anisotropic
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Figure 66: Maximum Von-Mises Stress of Optimized Volume in Y Direction - Anisotropic

The stress difference between the x and y directions increased for anisotropic
analyzes as shown. Moreover, while there is a significant decrease in the x direction,
the stress level increases dramatically in the y direction. Although the final masses are
obtained as 0.041 kg as in previous analyses, the results show that anisotropic analysis
has differences from the isotropic analyses.

In addition to the variable values in the stress levels, it is determined that there
are also differences in the solution times of the analyses. Table 12 shows the solution

times of the analyses.
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Table 12: Solutions Times

Case Time
Isotropic — X 07:41
Isotropic — Y 07:36
Anisotropic — X 06:29
Anisotropic — Y 09:49

There is a very small difference between isotropic analyses, as in stress analyses,
but it has been observed that anisotropy also affects the solution times. Since the
optimization constraint is selected as mass reduction, the final masses of the volumes
were obtained the same.

Even if it is preferred to perform the optimization isotropic, the results showed
that there are many different points during the solution, considering the anisotropy.
For the Ti64, the anisotropy occurred due to the printing direction and nature of the
additive manufacturing. Similar properties are expected for other AM materials, and
many studies have proven this as discussed earlier. Since the aim is to observe results
with implementation anisotropy to the topology optimization, the same studies and

analyses are made using a composite material after Ti64.

4.2 ANISOTROPIC ANALYSES WITH COMPOSITE MATERIAL

The composite materials are known by their anisotropic properties in x and y
directions so, to be able to see the differences same analyses are made on a cubic
sample which has the same properties as before studies. The force and the boundary
conditions are also kept the same. The material is selected as Epoxy Carbon UD

Prepreg and the material properties are given in the below table.

Table 13: Material Properties of Carbon UD Prepreg

Direction X Y Z
Young’s Modulus [GPa] 121 8.6 8.6
Shear Modulus [GPa] 4.7 3.1 4.7
Tensile Stress Limit [MPa] 2231 29 29

The force is applied in both x and y directions and validation analyses after the

optimizations are shown in the following figures. Since there is no data for the
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isotropic properties, the only comparison is done for different directions with
anisotropic properties.

C: Composite - X
Equivalent Stress
Type: Equivalent fvan-Mises) Stress
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Tirne: 13
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Figure 67: Maximum Von-Mises Stress of Optimized Volume in X Direction - Composite
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Figure 68: Maximum Von-Mises Stress of Optimized Volume in Y Direction - Composite

Although force and all optimization settings are kept the same, the maximum
stresses on the optimized volume have different values, and, the masses of the result
parts are 14.3 g for both directions. In addition, as in the previous studies, there is a

noticeable difference in solution times. Table 14 shows these time values below.
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Table 14: Solutions Times for Composite

Case Time
Anisotropic — X 05:39
Anisotropic — Y 15:45

As shown in the table, there is a big difference in the solution times when
compared with the times with Ti64. Also, even using the same methods and settings,
the maximum stress levels occur very differently from each other.

Another remarkable point in the results obtained is that in the x-direction stress
analysis, unlike the other analyses, the stress concentration occurred in the inner region
of the part as shown in Figure 69. The difference here shows that the analyses made
with anisotropic material properties also affect the volumes to be subtracted in the

structure.

C: Composite - X

Equivalent Stress
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Figure 69: Sectioned View of Optimized Volume in X Direction - Composite
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CHAPTER YV
RESULTS AND DISCUSSION

With this study, implementation of the additive manufacturing constraints to
topology optimization, and optimization analyses of an aircraft structural part are done.
Since the planning of each production process was made in advance, the production of
the optimized part could not be realized during the thesis study. However, the part was
studied by considering all aviation standards, and the analyzes were carried out in this
direction so, in future studies the part may be manufactured with the proper method
mentioned earlier, and all the validation tests can be made on the produced part.

Firstly, the validation analyses for the current part are made to ensure that the
given loads and the boundary conditions are valid. Then, different concepts are studied
to get the most appropriate alternative. After that, topology optimization is applied to
two different materials as aluminum and titanium. The goal is to achieve the best
performance characteristics possible for a particular application.

The results from these analyses indicate that the aluminum component performs
better than the titanium component under certain conditions, specifically when there
are no points of stress concentration. It was observed that having a larger volume
component with low-density characteristics, like aluminum, can lead to designs that
are lighter in weight. This is contrasted with smaller-volume components made from
high-density materials like titanium. The lower-density material, even though it
occupies a larger volume, contributes less to the overall weight due to its inherent
lightness. This principle is particularly valuable in applications where minimizing
weight is a critical factor as in this study. So, the study confirms that using larger
volumes of low-density materials can often result in more weight-efficient designs
than using smaller volumes of high-density materials.

After the material selection is done, topology optimization is carried again out
to obtain the final producible part by considering all the manufacturing constraints and

the component requirements like bonding faces, fastener interfaces. As aluminum has
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proven that it is advantageous in mass, the material is selected as AISi10Mg which is
one of the most common aluminum powders in the industry.

As aresult, it was shown that using additive manufacturing for an optimized part
in aerospace industry brings many advantages, especially in mass reduction.
Additionally, the optimization results showed that the cost of the manufacturing
process would be significantly reduced. Compared to traditional manufacturing
methods, the amount of waste can be minimized by using less raw materials in the
additive manufacturing process. In addition, the optimization process has also reduced
the energy and time used in part production. This allows to reduce costs and increase
efficiency.

In addition to the studies explained above, the effects of anisotropy on topology
optimization were also studied by making case studies. The analysis results showed
that anisotropy can have a significant effect on topology optimization, even if isotropic
properties are generally preferred. In particular, the inclusion of anisotropy in analyzes
has the potential to create lighter and more stiff structures for applications where loads
are in a certain direction. Anisotropic optimizations can result in structures performing
better under a given load, potentially leading to a more efficient use of energy and an
overall more efficient design. Also, considering the anisotropy, the computation time
and complexity of topology optimization have increased.

In future works, it is important to consider the anisotropy effect for the studies.
Even the software and the methods are used mostly in isotropic properties, with the
development of technology and the increase in computational capabilities, structural
optimization analyses to be made by considering all the properties of materials can

provide more efficient results than the current analyses.
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