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ABSTRACT

MECHANICAL PROPERTIES COMPARISON OF STRUT-BASED AND
TPMS LATTICE STRUCTURES PRODUCED BY EBM

Sokol lIku, Bar e
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Erhak | HKanakseven
Co-Supervisor: Dr. Orhan Gilcan

April 2022 86 pages

Additive manufactung is a relatively old but rapidly emerging innovative
technology that enables various shapes and designs to be realized which are almost
not possible with conventional manufacturing. Lattice structures are one of the most
unique applications of utilizoppadditive manufacturing technology due to weitgit
strength ratios they offer, high impact absorption capabilities, and difficult to
produce with conventional approaches. Studies in the literature are mainly focusing
on the strubased crystdlike struduresi.e.,Body-Centered Cubic (BC) andFace
Centered Cubic (EC) while fewer studies examine theifdly Periodic Minimal

Surface (TPMS)topologies. Although there are several works showing the
mechanical properties of these topologies individually, there is a lack of comparative
study in the literature. In this thesis work, comparative investigation of mechanical
responses of five diffen¢latticetopologies which are BCC, FCC, Gyorid, Primitive,

and Diamond under tension and compression loads is aimed. Scope of the thesis is
specified apowder removal studygroduction of test samples made by Ti6AI4V,
Scanning Electron Microscope (SEMNhaging prior to experimentsgonducting
tension and compression testing considering available standamiparisonof

compression resultsvith GibsonrAshby theoretical model, investigation of



microstructures fromfracture surfaces and finite element analysi¢FEA)

verification by the test results.

Keywords: Additive Manufacturing, Lattice Structures, Triply Periodic Minimal
Surfaces, Electron Beam Melting, Ti6AI4V
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EBM KLE ! RETKLEN DKKME TABANLI VE TPMS K
MEKANKK ¥ZELLKKLERKNKN KARKILAKTI RI L
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CHAPTER 1

INTRODUCTION

Additive manufacturing (AM), often referred to as 3D printing or rapid prototyping,

is a relatively new manufacturing method compared to traditional manufacturing
technologies. However, in today's world where technological development is very
rapid, this €chnology, which emerged in the ¥i880s, should not be described as
new, because the increasing number of device manufacturers in the market and the
development of existing methods have brought additive manufacturingiglg
competitive position intte industry market.

1.1  Development of Additive Manufacturing

The first additive manufacturing method in the literature is the Stereolithography
(SLA) method, which was developed by Charles Hull in 1983 and whose patent was
approved in 1986In the following periods, various new methods such as fused
filament fabrication, powder bed fusiand direct energy deposition have been
developed, and the materials used have diversified day byTdaky additive
manufacturing has become an industry with a market sifampproximately $15
billion on averaggl], which finds its place in different fields such as automotive,

defenseaerospacedental, fashion, jewelery, food, and ¢g].

In the ISO/ASTM 52900, additive manufacturing is defined as producing pais f
3D model data by combining materials in layers, unbkieer methods based on
material subtraction or forming [3]. According to this standard, additive
manufacturing methods are divided into seven main categories based on the diversity

of processes: binder jettin@BJ), directed energy depositio(DED), material



extrusion(FDM or FFF) material jetting(MJ), powder bed fusiofPBF), sheet
lamination(LOM), andvat photopolymerizatioffSLA). Basically, in most additive
manufacturing methodshe process takes place by connecfimgnding)materials
together using an energy source. This bonding can be in the form of adhesion of
semimolten filaments (FFF systems), sintering or melting of powders (PBF
systems), solidification of liquigghotopoymer (SLA systems)or bonding of thin
sheetsvith heatactivated resifLOM systems), depending on the energy source and
the difference of materials uspf. Figurel.1 shows these seven AM methods with

the material types used with.

| Additive Manufacturing Methods

Vat Material
Photopolymerization Extrusion

L' Plastic Composite |

Plastic |

Powder Bed Direct Energy Sheet
Fusion Deposition Lamination

Sand | Plastic |\—{ Metal

Metal | Metal |

Material Jetting Binder Jetting

Composite

Figurel.1. AM technologies along with materials they use.

Among thesesevenAM methodsPBFis commonlypreferred methodo produe

final parts in the industry. In this methdteenergy is applietly a laser or electron
beam energy taelt or sinter the powded material to form aingle crosssection

of a part Once the process is done for a layer, thidlplatform that powders lie on

is lowered angowders of the new layer is distributed by a recodteis process
continues until parts are creatdthe part remaisin the noameltedpowderpool

during productiorwith PBF systemshencethese powders act as a natural support
structure to the produced geometry, reducing the need for additional support
structuresAfter the production is completed, the noeltedpowderaround the part

(and inside, if any) is removed, and the part is sgpdrfrom the production table



by hand or with the help of a todThe generakchematicof the devices working
with the PBF system is shown kigurel.2.

Tl XY Scanning
CO,, Laser > o Mirrors

= Laser Beam
IR heater

Counter-Rotating Powder Bed
Powder Leveling /'\\\Q@LBK\

Build
Fesd — | Platform

Cartridges

Figure1l.2. Schematic viewor one of the PBF systems: Selective Laser Sintering

[5].

1.2  Lattice Structures in the Era of Additive Manufacturing

The invention and widespread usage of additive manufacturingdiereyed the
way of thinking on production. It has the capability to build a variety of designs that
are almost impossible to fabricate with conventional methods. Among tagise,
structures (also known allular solid structures, cellular metals, lgkr foam
structuresporous structures or scaffold structuf@scan be counted as one of the
most complex geometrical shapes that are difficult to produce without additive

manufacturing technologies

Before additive manufacturing became widesprelattice structures can be

produced by using conventional techniques such as folding operdtipns



investment casting by using wax or polymer m@&}sor carbon fiber reinforcement
methods like fiber interlacini]. Although it is possible to pduce lattice structures

with such traditional methods, it is still a costly production process in terms of mold
preparation processes, additional fixture or machining preparation requirements, and
the time spent to produce the final part. Thanks to thigmésedom arising from

the nature oAM which is a layeiby-layermanufacturing procesthe production of

lattice structures has become much easier than conventional methods and has gained

popularity recently

With the development of additive manufadtgr and the freedom of design
especiallyoffered by PBF systems, the interest in lattice structures has increased
significantlyboth in the academia and industfyne aerospace industry applications
draw attention where weight reduction and energy absorgtie needed together

with high specific strength that can be satisfied by pores inside the lattice structures
[10]. In fact, lattice structures are likely to replace honeycomb applications in the
aviation field thanks to the complex desigeedom they provide, being able to be
produced as they are designed, and is designed accordingly to the load conditions in
where they will be used. Lattice structures can also be used in heat exchangers due
to their large surface arefkl], or as eneng absorbers due to their tolerance to
deformation[12]. These structures also gain importance in the biomedical field as
structures that allow the bone tissue to ingrowth for successful bone regeneration.
For example, Xiong et al. illustrate in their dyuthat lattice structures with a dense
core may help the bone tissue to integrate and adhere to the implant while satisfying
the required compression strendil3]. These and many similar studies show that
lattice structures have become interestingiresal sectors thanks to the mechanical

properties they offer with additive manufacturing



1.3  Motivation and Scope of the Study

There are many studies in the literature on lattice structures, which have gained
popularity with the industrial use of additive maacturing.The main purpose of

this thesis study is to contribute to the gap in the literature arising from the limited
number of comparative studie$different lattice structures produced by the EBM
method.In addition, with the results to be obtainkdm this study, it is aimed to
facilitate the selection of the appropriate topology during the design phase of the
lattice structures to be produced on the EBM machine, which is widely used in

aviation, automotive and medical fields.

The remainderfahis thesis includes the literature survey about the fundamentals of
lattice structures, the procedure followed in this study to generate mechanical testing
samples filled by lattices, comparison of test resulifhh comments on SEM
investigations and #&cture surface analysi@and conclusion remarks based on
observations from this workFurthermore,the manufacturability and powder
removal interim studies for the lattice designs to be used in the experimental

specimens are also investigated individually






CHAPTER 2

LITERATURE REVIEW

2.1 Lattice Structures - Overview

In 1997, Gibson and Ashby introduced the cellular solid structure concept that
includes honeycombs, foams, and some natural materials such as wood or porous
bone tissuefl4]. In addition to these, lattice structures are atsanted asellular
materias, but their unit celfill type and physical/mechanical properties differ from
foams and honeycoml45]. Furthermore, studies in the literature revealed that
lattices have better mechanical properties than honeycomb and foam stifd&lres

In fact, since each of the carrier elements (struts, surfaces, etc.) in the unit cells of
the lattices can be customized, the structure can be optimized considering the loads
that it will encounter during its service life. That makes the lattice structures superio

to foam anchoneycombs.

A full classification has not yet been established, as latticetstas are composed

of interconnected elements that repeat in space, and their arrangement can vary
depending on the individual who creates the structure. Nelesthéhere have been
researchers who made classification studies for these structures in the literature. To
give an exampleas can be seen irigure 2.1, Dong et al. categorize the lattice
structures into three groups depending on their degree of order of the lattice frame
[17]. According to their study, lattice structures can be grouped under three
subsections as disordered (random) lattices, periodicdattand pseudperiodic

(conformal) lattices.



Figure 2.1. Classification of lattice structures: a) disordered (random) lattices b)

periodic lattices cpseudeperiodic (conformal) latticefl7].

Considering the predictability of themechanicalresponses under various load
conditionsand the reproducibility, it can be said that periodic and pspadodic

lattice structures are more common in practice. Furthermore, by satisfying the
integrationbetween adjacent contour surfaces with unit cells, the whole structure
gets stiffer in the conformal lattice§vhen the issue is the design of the lattice
structure, the design of the unit cells, and the repetitive pattern should be understood
since lattie structures consist of these patterns including the same or similar unit
cells. In this projectmnembers from two different lattice families, namstgutbased

and triply periodic minimal surface latticeBaving fixed repetitive patterns and

conformalboundariego be investigated.

Tao and Leo state that three types of methods for unit cell design can be used which
are topology optimization, basBoolean operations of primitive geometries, and
finally usng mathematically expressed implicit surfaces mefi&jl The method

of mathematical expressions provides convenience for the designer to interfere with
the pattern of the lattice structure, to create local density differences, or even to
differentiate the unit cell structure by simply modifying the equatiofitie
commerciakoftwareselectedor the desigimg of the test samples to be used in the
later parts of the study is also based on the mathemexipedssiorapproach.



2.2 Strut-based Lattice Structues

It has been previously explained that the smallest structure that forms the repeating
lattice pattern is called the unit ceind these unit cells are formed by different
topologies. Several topologies exist in the literathee BCC, FCC, octettruss, and
rhombicdodecahedrostructuresare the most studied typasnong themin this

study, the scope is limited tBCC and FCQopologies astrutbased lattice

Thename of BCC and FC®asically come from the analogy of crystal structures
in similar forms. A crystal structure is the spatial arrangement of atoms, ions, and
molecules, and this crystal structure consists of repeating unit cells in which the

atoms are positioned in a certain Wag].

2.2.1 Body-Centered Cubic BCC)

In the BCC, atoms are anged so that oneighth of the atoms settle on each corner

of the cell while another atom is positioned in the center of the unit cell. In this
structure atoms come into contact only on the volumetric diagonal of the unit cell.
This contact lineindicates the unit cell struts, and atomic centers show the

intersection points (nodes).

2.2.2 FaceCentered Cubic FCC)

In FCC, atoms are positioned such as they aree@teh in size at the corner of each
surface of the unit cell, and half of an atom in teeter of the same surface. Contact
lines diagonally lie on each face of the cell so that corresponding lattice struts also

have the same orientation.

Figure2.2 shows tle unit cell illustrations of abovementioned strubased lattices



a) b)

Figure2.2. Unit cell representations of strbfised lattice structures: a) BCC b) ECC

2.3  Triply Periodic Minimal Surface (TPMS) Lattice Structures

TPMS, as its name implies, is a structure that periodically repeating in three
dimensions while minimizing surface area within given boundafié® term
minimal surface defines surfaces where the mean curvature is equal to zero at every
point, sothe namé& PMS isderived from the minimal properties of these geometries

in three different direction20]. TPMS geometries offer less stress concentration
and higher strengthas they can be distributed continuously in three dimensions
smoothlywithout jointswhencompared to strdbased structurg@1]. Furthermore,

they have high surface area to volume rggRj. Thanksto these promising features,
TPMS structures have been frequently studied in scaffold stundiks biomedical

field [23]. In addition, thesmoothand continuous surfaces they offer make them

suitable for heat exchangeesigns

Each TPMS structure is controlled by mathematical equations defining U=0
condition as isesurface boundary of solid and void pd&4]. There are namerous

types of TPMS lattice topologies exist in the literature naturally since they are
mathematical expression dependent structures. Some of them are Schoen's Gyroid,
Schwarz Primitive, Schwarz Diamond, Fiscl@sch S, Neovius' Surte, and so

on.In this study, only three dhesewell-definedtopologiesarefocused onSchwarz

Primitive, Schwarz DiamonandSchoen's Gyroid
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2.3.1 Schwarz Primitive (Primitive) and Schwarz Diamond(Diamond)

The periodic minimum surface theory was firstgweed by Hermann Schwarz and
Edward Rudolf Neoviug 188Q The surface forms they put forward were basically
composed of a continuous combination of the symmetries of the surfaces according
to various axes in the unit c¢5]. Primitive and Diamond staceswerenamed by

Alan Schoen, who would define the Gyroid surface in fibllowing century.
Primitiveis basically a union of primitive shapes constructeBbglean operations.

Due toits high surfaceto-volume ratio and pomsaty, Primitive topologiescan be

used as tissue scaffald26].0n the other hand, iBmondis constructed by the
interlocking of two harmonic labyrinths that can be exactly represented in terms of

elliptic integralg[20].

2.3.2 Schoen's Gyroid

The gyroid shape was introduced by a NASA worker Alan Schoen in 1970.
According to his research, the gyroid includes the Bravais lattice structure in BCC
form. Thislattice typeis also related t&chwarzDiamond asan FCC structure, and

the Schwarz #mitive family formed by primitive structurg®7]. The implicitiso-
surfaceequations forabovementionedTPMS lattice typesre given inthe Table

2.1, and har unit cdl illustrations areshown in the~igure2.3.

Table2.1 Implicit iso-surface equations (U = 0) for TPMS latti¢24].

TPMS Iso-surface Equation
Primitive Y O ATQew AT Qo ATQa o
Diamond Y OEDOOEQ®w OEQY OEQw AT Qu Al Qd

ATQw OEQ® AT Qd
ATQo AT Qo OEQA o
Gyroid Y ATQo OEQ0 AT Qo OERG AT Qd OEQe o
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Noting that'Q ¢* — AQ chuhd where ¢ is cell repetitios, O is structure

dimensiors, andois a variable that is used to modify volume fraction

Figure2.3. Unit cell representations gheefTPMS latticesa) Primitive b)
Diamondc) Gyroid.

2.4  Mechanical Propertiesof Metallic Lattice Structures under

Compression and Tension Loads

The behavior of all materials under load depend$ein stiffnessStiffness of lattice
structures is generally assessed by Maxwell rule in the literathieh isdiscovered
by Maxwell [28] and expandedby Calladine[29], and can be found by using
Equation 1

- O ol ¢ 1)

In this equationfiso is the number of struts arfho is the number of nodes. If
Maxwell numbeiis negative bending stresses occur in the struts because dhere
not enough strgtto balance the external loads. These structures show bending
dominated behaviowhich is preferald in the energy absorption and vibration
isolation applicationdf Maxwell number is positiveno bending occurs at the nodes,
as the struts can balance exxtal loads. These structures show strelmminated
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behaviomwith superior stiffness to wegint ratio[30]. FCC and BCGtructuresvhich
to be investigated in this studyestatedthatshowng bendingdominated behavior

with Maxwell numbers of14 and-13 respectively31].

Lattice structures generally go through three stages under compressive loads: elastic,
plastic and densification. In the elastic stage, the behavior of the lattice structure is
elastic. When the yield limit is exceeded, the matelefbrms plastically. As can be

seen inFigure 2.4, the stress required for plastically deform bendiogrinated

structures is constant whereagslécreases due to peseld softeningfor stretch

dominated structurg45].

Stretch-dominated

Bending-dominated

onset of plasticity,
buckling
or crushing

densilication

g

posi-yield softening

A modulus £

stress,

densification

[
RIS 1
strain &, \ '
L

)

strain, €

stress, O

densification

onset of plasticity,

buckling . A
. plateau stress G, b
or crushing P! ,
'
'
I
absorbe '
Mg densification 1
o encTgy strain & ,'
modulus £ \ ]
)
strain, £

Figure2.4. Stressstrain relation ostretchdominatedand bendingdominated

lattice structures under compressive |ogds.

There are numerous studies in the literature focusing ooaimpressive behavior of
metallic lattice structuresi-or exampleCarlton et al. studied mechanical behavior

of rhombic dodecahedron and oetetss lattice structures with three different
relative densities (10, 20 and 30 %) using SLM method. The authors stated that in

the compression state, the odiefss lattice stuctures show torsional behavior,

whereas rhombic dodecahedron lattice structure is smoothly cr[2jednother
studyin the literatureshowedthat cubic and diamorshaped dodecahedron lattice
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structures show stretatominated behavior while GTattice structures show
bendingdominated behaviof33]. On the other hand, Maskery et al. studied the
effect of unit cell size on the failure modes of double gy{D@) lattices. According

to their resultsthe diagonal shear failure mode become dontingth the decrease
in the cell sizgseeFigure2.5) while localizedlow-strain fractures arises in larger
unit cells In addition, they revealed that the specifiergythat can be damped by
the heattreated DG latticeis almost half of thecompressive strain34].
Kadkhodapour et ashowedhat SLM manufactured Ti6Al4V lattice structures with
stretchdominated behavior such as cubic lattice structures go -taykyer
deformation, while lattice structures with benduhgminated behavior such as
diamond lattice structures are deformed along ldfes under compressive loads
[35]. Similarly, Vanderesse et al. stated that SLM manufactured Ti6Al4V cubic and
diamond lattice structures were deformed laymrlayer, and the BCC with
additional strut in z direction was deformed along the diagonal line[36]. In
anotherstudy conductedwith both skeletal and she&@PMS structuresn different
volume fractionsit is seenthat diamond andNeovious lattice structuresave
bendingdominded behavior while gyroid structureshave stretchdominded
behavior37].

Lattice strain

Figure2.5. Diagonal shear failurenodein DG lattice with unit cell size of 3 mm
[34].

Contrary to the studies examining the mechanical behaviattick structures under

compression, the number of studfesusing onthe behavior nder tensile load is
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very limited This can be attributed to the lack of a standardized geometry for tensile
testing and the potential use of lattice structures in areas under compressidn load.
one of these studies, five stiodised and two skeletbipe TPMS topologieswith

same volume fraction and unit cell sizes are investigated under tensile loading.
According to this work, PFCC topology whide FCGbasedstructure having
additional strutsni z direction showed highest load capacity along withgghieid

and BCC[38]. In another study conductedth Neovius and IWP TPMS lattices, it

is shown samples with IWP had weaker stretominated deformations according

to their tensile responséseeFigure2.6). In the same study, it is also revealed that
the decreasing number of unit cells in a fixed design domain for both lattice
topologies (meaning that increasing cell size) leads to decrease in the yield strength
(YS) while increase in the elongati¢89].
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Figure2.6. Tensile tests results of Neovius and IWP lattices with varying cell sizes
[39].
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Mechanical behaviors of different lattice structures are also compared in the
literature. Rehme and Emmenmann stated that addition of struts in z direction to
BCC or FCCincreases their compressive strengtt]. Similarly, McKown et al.
investigated thenechanical behavior @CC and BCC with additional struts in z
direction lattice structures produced by SLM. They stated that both lattices showed
bendingdominated behavior ar8iCC with additional struts showed 2-58.5 times

more YS than simple BCClattices at different relative densiti¢4l]. In another

study, Xiao et al. investigated the mechanical behavioFGL, vertex cubic and

edge centered cubic lattice structuneade up fronB816L stainless stedly using

SLM. They stated that the elastic modulus increased and the ability to absorb energy
decreased with decrease in density. The authors also state@@etd vertex cubic

lattice structures have higher mechanical properties than edge centered cubic
structues[42]. Peng et al. compared mechanical behaviaimiple cubic, simple
cubicBCC, BCC and FCC lattice structures and stated tlsahple cubic structure

has the highest elastic modulukile BCCstructure has the lowest elastic modulus.
They alsostaed that the simple cubic structusasstill in the elastic region even
when other latticeexcee@dthe yield limit andvereexposed to plastic deformation
Simple cubieBCC and FCC structures behadesimilarly in the elastic region, but
simple cubieBCC structure has higher stress in the plastic refd@h. Guo et al.
studied mechanical properties of square, rectangular, tetrahedral and hexagonal
lattice structures and stated that the hexagonal lattice structure gave tresigst

and the tetrahedral lattice structure gave the worst result in terms of load bearing
capacity [44]. On the other handRestrepo et alinvestigated the mechanical
performance of pmitive, gyroid anddiamond lattice structures and stated that
primitive structure has the highestastic modulus and gyroid structure has the

lowest compression strenddb].

In addition to the studies mentioned so far, there are also studies in the literature that
specify the mechanical properties lafttice structures pducedby EBM. For

exampleKhrapov et al. studied the effect of process parameters on tensile properties
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of gyroid infill produced byElectron Beam MeltingEBM), andaccording to the

results showrn Figure2.7 representt hat speci mens produced v
have three times higher ultimate tensile
[46]. Furthermore,Hasib investigated theompressivemechanical properties of

three different types of lattice structures (hexagortedmbic dodecahedron and
octahedropproduced bYEBM. He stated that the octagonal lattice structure had the

highest and the hexagonal lattice structure has the lowest atastiolus and
compressive strength, and the octagonal lattice structure has the highest relative
density[47]. In another study conducted by using EBM, itrigestigatedhat the

mechanical properties of cross, honeycomb and octagonal lattice stsuGtuee
authorsstated thatoctagonal lattice structuseshowed the best performance in

compression tes{48].
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Figure 2.7. Tensileresponseof gyroid structure produced with different process

parameters: dlelt theme b) Wafertheme[46].

There are few studies in the literature showing the mechanical responses of both
strutbasedatticesandsheetbasedlT PMS lattices with topologies to be used in this
work. For example, the authoused primitive, diamond, gyroid, and BCC lattices

in their study by using SLM with 316L stainless steel mateBased on the results
(seeFigure2.8) theystated that TPMS lattice structufespecially diamond latts

have higher strength, plateatressand energy absorptiocapability than BCC
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lattice structure$49]. Ahmadi et al. studied the mechanical properties of Ti6AI4V
cubic, diamond, truncated cube, truncated octagonal cube, rhombic dodecahedron
and rhomlx octahedron lattice structures produced by SLM method. They divided
the lattice structures as showing high rigidity (cube, truncated cube, truncated
octagonal cube and rhombic octahedron) and-Havadness lattice structures
(diamond and rhombic dodecahed). It wasstated that diamond lattice structure
showed the lowest compressive strength, while the truncated cube showed the
highest hardneg50]. Zhong et alused SLM method to produB46L stainless steel
tetrakaidecahedno, diamond andBCC lattice structuresAt the same density and

unit cell size theYS of the tetr&aidecahedron (9.67 MPa) was 59%3igher than

the diamond structure (6.05 MPa) and 48263igher than of th&CC structure

(1.66 MPa). Similarly, the compression modulus of the katdecahealron (357.38
MPa)was 163.40% higher than the diamond (135.68 MPa) and 114%@@gher

than theBCC (28.69 MPa). This shosd that the tetrlmaidecahedron structure dha

much superior mechanical properties than diamorgiGs structureg[51].
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four different lattices: a) primitive b) diamond c) gyroid d) B{2Q].
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The literature review shows that there are very few studies that compare the
mechanical properties of different lattice structures produced by EBM using same
paraneters, especially under both tensile and compressive [bhdshesisstudy

aims to contribute to this gap in the literature.
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CHAPTER 3

METHOD AND WORKFLOW

Design for additive manufacturing (DfAMapproach is a key point for the
development of AM industryAlthough the productiomelated design constraints
seem to have disappeared and a much less restrictive production process has
emerged, additive machines also have limitations that should seleoed before

production.

The limitations of the machines vary according to AM methods they are based on
This study mainly focuses on the constraints of the EBM technology since it is to be
used in productionThe desigrof lattice structures ikighly interdependerfrocess

in this study, because the machine build size limits the use of conventional standard
test sample sizes while the process parameters of manufacturing affect the unit cell

design parameters, therefore the cell repetitions in testirsg sections.

In this section, after a brief explanation about the EBM system, the determination of
the overall test sample sizes, the determination of the unit cell design parameters and

the manufacturing constraints to be mentioned.

3.1 Electron Beam Melting (EBM)

The EBM method is a stitranch of powder bed fusion systems, which is one of the
seven additive manufacturing methalgscribed in the SectidnPowder bed fsion

systems cover technologies that can produce parts from metal or polymer materials.

The EBM method along with the selective laser melting (SLM) method is a high
energy machine that allow the production of final parts using metallic powders.

Arcam AB Sweden)is the inventaralso the only manufacturer of the EBM method.
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They patented their founding in 1993 as a method describindalyetby-layer
melting of an electrically conductive powder, by using electric beam to manufacture
threedimensional shape3.oday, they are still the sole supplier of this technology
as a subsidiary of General Electric (UShe EBM takes place mostly in the
aerospace industry and medical fieldhdss ability to tightly stack parts in the build
chambe without having to support them from the baseplatéch creates more

productivity.

The melting of metal powders with EBM consists of successive steps and the
repetition of these steps for each layEne process starts with the heating of the
build plae first, then theplateis lowered by one layer thickness and powder laying

is carried ouby recoaterEvenly distributedoowders ardoosely sinteredby pre
heating.The next step is to melt the sections to be produced by @&hglgy electron
beam by ontour or hatch scanningfter the melting is completed, the image of the
whole table is taken with a higlesolution camera and this cycle continues until the

production is completed by lowering the table one layer thickness.

The EBM systemworks under vacuum environment to make production more
controlled since electrons are highlgactive toward environmental gaseshe
energy required to melt powdered metal is provided from-paher electron beam.
Electron filament passes through a lepstem(coils), then the beam is subjected to
powder bed by scanning the current layer in XY plane with the help of deflection
coils. The control of electron beam motion is provided by electronics rather than
moving parts which makes it an inerfree scaning system. Thus, the beam motion

is fast and accuratd-urthermore,production in EBM is carried out at high
temperatures. So, residual stresses are reduced to negligible levels and scattering of
electrons is prevented by reducing the reactivity atatdsltemperature3his is
achievedoy a powerful 3 kW electron beam power and preheating system that can

heat up the build chamber up to 180@eforemeltingeach layer.

Arcam EBM Q20pluslevice, providedby Turkish Aerospactor this study, is used

which is especially developefbr aerospaceapplications.Table 3.1 shows the
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technical specifications of machine used in this stanlyFigure 3.1 illustrates the

machinewith a detailed layout of EBM system

h Deflection lens

platform

Electron Beam Column ———
Cathode —

Astigmatism lens

Focus lens ——

Heat shield
Vacuum -
chamber

Electron
Beam

Recoater

Powder |
Build tank-

Build

Figure3.1. Arcam EBM Q20plusnachine on the left and the layout of EBM

system is on the righi2].

Table3.1 Technical specifications of Arcam EBM Q20p[&£].

Maximum Build Size

350 x380 mm (D x H)

Maximum Beam Power

3kw

Cathode Type Single crystalline
Minimum Beam Diameter 140 em
Maximum EB Translation Speed 8000 m/s

Active Cooling Watercooled heat sink
Minimum Chamber Pressure 5 x 104 mbar

Typical Build Atmosphere

4 x 10-3 mbar (partial pressure of H

He Consumption (Build Process)

4 1/h

He Consumption (Ventilation)

100-150 I/build

Power Supply

3x400V, 32A, 7kw

CAD Interface

Standard: STL
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Despitethe uniquefeatures it offers, there are also issaed limitationswhere the
EBM system is handicapped. These constraints, which have a direct impact on the

partdesignto be mentioned in thBection3.2.3

3.2  Modelling of Lattice Structures

Lattice structures are structures that can be expressed with mathematical equations,
and therefore they can be obtained with different design methods. Among these
methods, using software languages such as MATLAB and Python is goimmo
literature studies, while the use of modules integrated into package design programs

is more common in the industry.

There are several design programs in the market aiming to ease the designmphase f
additive manufacturingviany existingCAD softwareproviders such as Siemens NX
(US), 3DExperience frordassault SystemégBrance), Netfabb from Autodesk (US)
increase their design capabilities fadditive manufacturingapplications.In this

study, nTopology (US) is selected to work throughout the dgsigoess since it

fully focuses on additive manufacturiagplications such as lightweighting by using
lattices or topology optimization. Furtherman&opologyusesan implicit modeling
engine which represents bodies asathematicalequations it enables complex
designs to be easily modeled by performing design iteratagndly, and it is easy

to use since modeling operations are driven

The unit cell identification is the basic step of the lattice structure demighit is
characterized by théattice typeand material ratio to be utilizedn order to
determine the material ratio in a ucill, the relative density or volumetric ratio
parameter is mostly preferred in the literatlfer example, in their study Maskery
et al. set the volume fraction property for lattices varying in overall B3
Additionally, Al-Ketan et alfollowed a similar approadh their studyas using pre
defined unit cell dimensions and volume fraction for varying lattice topol¢gyiés

In line with the approach applied in the literatuvelume fraction is selected to
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designall lattice structuresto satisfy consistency of material ratio amonguatit
cells. Considering thaboth strutbased and TPMS topologies to be investigated in
this work, usage of volume fracti@soallows to satisfy consistency between two
seprate lattice families.

Strutbased topologies and TPMS topologies are controlled by different building
blocksnamel y fAVol ume Latticeo and diml&l | ed
inputswhich area volume input that defines the design space to be filled with lattice,
unit or fill type input forattice type unit size dimension inputs and a thickness input.

Figure3.2 shows these blocks with arbitrary unit qedirameters

) ice: Volume Lattice
v | @ volume: Box

o Center point: 0 0 0

0.1 Length: 10

01 Width 10

0.1 Height: 10
Face centered cubic
All touching
10 10

o Center point:
0.1 Length:
0.1 Width
0.1 Height:
/" Cellsize

(?- Approx. thickness:

(‘/_ Approx. bias length:

= Filltype

Figure3.2. Volume Latticebuilding block and Walled TPM$uilding block.

As mentioned before, voluniection tobe used as a parameter in this sfum the
unit cell creation blocks require a thickness input. To overdbmessue;'Relative
Density" blockis used forfinding the thickness information required to createn u
cell. This block calculates the wall thickness or diambyeusinga transfer function
which isrequired to obtain the specifiasblume fraction (relative density) within

defined unit cell dimensions fargiven latticetype
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Therestof the design phase consists of creating the test geometries using blocks of
Boolean operationgt the end, slid partsof specimens thatesigned independently

of the lattice structure are combined with thttice design spacby using Boolean

union ogeration The dimensions andhttice parameters to be selected for the
realization of this whole process depend on various limitatiarthe remainder of

this section, the determination of test geometries,uthié cell parameters and

manufacturingconstraints will be discussed.

3.2.1 Determination of Overall Test Geometries

Prior toselectionof the unit cell size and volunfeaction, the geometry of the test
samplegs required to be chosen because of the manufacturing limits of EB&
tensile orcompression test standard for additive manufacturing technologies has not
yet been published by the standardization authoritieslifferent geometriesare
studiedto see the behavior of materialor examplelong specimens with tapered

grip sections a used in a recent stud¢6]. In another studysimple straight
rectangular blocks are preferredth by using Gyroidn the middle[55]. Although
different geometries are used for tensile testing in the literature, ASTM E8/E8M
standard was taken intmnsideration as suggested in ASTM F3302 11.3 in this
thesis[56].

The mechanical behavior of the lattice structure is affected by the patterns formed
by the cells coming together, and as the number of cells increases the strength also
increaseg57]. The formation of such a cell numbeontrolled pattern is also
possible with the rectangular sample type specified in ASTM ES8/E8M1HKge

Figure 3.3). ThefiPlate Typed geometry proposed there is chosen to be adapted to
the study, but the Overall Length size exceeds the build chamber height of the EBM
machine. In the case where the buildediion and the load application direction
desired to be parallel, the compression sanmgriesot consideredt this stage since

the dimensioningtageis driven by long samples to fit the batch height. Since the

aim of the study is not to create a matkdatabase but to make a comparative
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analysis of different topologies, it is considered to scale all the dimensions of the
plate type sampléy half to fit parts inside the build chamber. Determined part

dimensions are shown in tA@able3.2.

Figure3.3. Tensile test specimen geometry to be ys&{

Table3.2 Dimensions of tensile test specimen (all values are in mm)

G w T R L A B C
Original 200 40 - 25 450 225 75 50
Scaled 100 20 20 125 257 1125 65 25

It should be noted that the grip section len@his longer than the scaled version of
original size. It is modified according to the test setup requirement which dictates a
minimum of 65~70 mm grip length to provide proper grip.
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