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CHAPTER 1

INTRODUCTION

This study was performed to understand the effect of thiecalhisize, thickness of

cell edges and angles ahit cells on the mechanical properties of the lattice
structures inspired bgin overexpanded pattern honeycomb core widely used in

aircraft structure It was noticed that there was anportant deficieay in the

literature about additively manufactured lattice structures like-expanded pattern
honeycomb come By changing the grametersvhich are the cell size, thickness of

cell edges and angles tife unitcell of the lattice structureshe effect of these
changes on materi al p smoodwusandP® $ slsiokhké& ss trmae

are analyzed.

As an introduction, relatl topics of this studgregivenbriefly in small paragraphs

in this chapter. First, lattice structures, their charactesisintended usage, and the
sectors in which they are preferred have been discu3$edsecond paragraph
summarizes general infoation about honeycomb cores, the industries in which
they are used, reasons for preference and particular usage of theospaae, cell
especially in aircraftin the last paragrapAM, the industrieghat use AM asa
production method, FDM which is ord the AM method, and the advantages of

the AM are mentioned.

Lattice structures are composed of interconnected porouscahl& arranged
systematically and repetitively. These structures exhibit notable characteristics, such
as their lightweight nature and exceptional mechanical properties (Ataollahi, 2023).
Lattice structures can achieve the same mechanical strengthdestsaitures made

from nonporous materials but with a lighter weigl.significant advantage of
lattice structures is that they can be accommodated and developed pfoperly

specific applicatns. By changing the arrangement of unitssethe mechanita



properties oflattice structures can be changed, providing exceptional flexibility
uncommon in other materials or structural forfigurel.1 demonstrates the most

preferred lattice structure in literature.
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Figurel.1. 2D Lattice structure geomess widely used in literature: a) Hexagonal
lattice geometryb) Re-entrant lattice geometrg) Chiral lattice geometry

Honeycombs are weknown and widely used o® materialsespeciallyto construct

the sandwich panel structure. They are also one of the lattice structure types.
Honeycombsare widely utilized across various industries including aerospace
engineering, marine, automotive, defense, energy storagdii@meédicine due to
their exceptionakharacteristics such as high stiffness, specific strength, impact
resistance, and vibration damping capabilities (Imbalzano et al., ZatSandwich
panels, honeycomb geometry serves as a conventional core méteritdde
aerospace industrp enhancestiffness. Forthe construction of aircraftthe most
frequently used honeycomb core cell patterns are heahgelts, overexpanded
cells and flexcore cels. Figure 1.2 shows the lattice geometries and their
honeycomb cores, widely ustmt manufacturing of aircrafGenerally ahexagoal

cell pattern is used to construct of the flat part of wings or flight control surfaces of
aircraft. Overexpanded cell pattern is used albyifor the curvature panels likbe

side fuselage part of aircrathe leading edge of the wings or control suda etc.
Flex-core cell pattern isspeciallyused on compound curvature parts which require
freedom to bend in both axes for honeycomkec®he rose of the jet aircraft in
other words radome is the best examplethe usage part of this cell pattern.

Honeycomb cores are generally made of aramid, fibesglas aluminum.



Honeycomb cores atgpically created by corrugating or expanding simeaterials,

then they are joined together in several layers through bonding.

Figurel.2. Cell patterns and general views of honeycombs usacciaftstructures:
a) Hexagonal honeycomb corglioneycomb Core, 2024, b) Overexpanded
honeycomb coréAramid Honeycomb Core, 2024)) Flexcore honeycomb core
(Honeycomb Core, 2024)

AM, a relatively new production technique, is extensively applied in various sectors
and industries including aerospace, biomakliautomotive, architecture, energy,
and even art. This manufacturing process is carried outtsykyer production by
using melted or powdered materials. FDRethod is a widely used material
extrusion type AM methodAM technique offers flexibility indesign, reduced
manufacturing times, reduced raw material usagémple manufacturing process,
and facilitates the construction of intricate structures. AM provides convenrence
manufacturing structuresith pores and avities (Nazir et al., 2019AM hasbeen
recently used frequently in the aviation industriyigure 1.3 shows additively

manufactured pasbf a jet engine.



Figurel1.3. Additively manufactured jeengine part§Weber, 2016)

When the given information in previous paragrajgheombined, manufacturing of

the lattice structures or honeycontimssome difficulties such as long production
times,andexcessive waste of raw materials and honeysatakinglaying of it into
sandwich panels. AM is a highly suitable manufacturing method for honeycomb and
other lattice structures.lt provides various adntages in production from many
perspectives. However, there are still many aspects that need furthempdexaio

and improvement. Additionally, defining the material properties based on the
intended use of a structure produced\by is necessary. This lda to research areas
that need to be explored ihe literature regarding additively manufactured lattice

structures.



CHAPTER 2

LITERATURE REVIEW

2.1  Additive Manufacturing

211 General Information

AM is a production methothatis widely used in different areas and industries such
as aerospace, biomedical, autéive architecture, energy aradt. As the name
suggests, thisnanufacturing process ionductedlayerby-layer. It is based ro
layering powder or filament on a flat platform to create the final product (Liu et al.,
2019). The systemssad in AM are generally callegtDimensional (3D) printers
because layédby-layerproduction relies oasimilar method as a typical print@mis
manufacturing method provides design flexibility, reduced production times, less
raw material consumption, easier production stapd easfor the construction of
complex structures. Almosatl the 3D structural designs including pores and it
canbe graduallymanufactured by using ANNazir et al., 2019)For example, AM
ensures manufacturability contraryto other conventional manufacturing methods

for the manufacturingf lattice and cellular structure@ramanik et al., 2022)

Since AM was not yet developed to the quality and performance required for final
products,in early days of AMprototypes were created. Manufacturing of final
products was carried out based on these protstyfeerefore,AM initially has
found its place in the gntific world as rapid prototyping. Additionally, molds were
produced using rapid prototyping technology in other words AM, and final products
were obtained by casting into these molds (Xue et @L82Xue and Han, 2019;
Xue et al.2019). In subsequéeresearctand studies, the mechanical, electrical and

thermal properties, and surface qualibgaccuracy of dimensions of the structures



produced by using AM were investigated. According t@s ttesearch, it was
concluded that AM meets the requiremenitproduction. Thus, rapid prototyping
has changed arfthsstarted to be used asnanufacturing method in the scientific
world. Nowadays, AM is rapidly gaining importance and 3D printing technaogie
arebeingdeveloped to satisfy requirements like hpghcision, the ability to produce

complex structures, and rapid production (Lay et al., 2019).

AM and 3D printing technologies provide great convenience and facilitidfgein
production of parts. Asafined inthefirst paragraph, it was preferred by different
industries such as aerospace, biomedical, automotive, architecture, energy etc.
(Nunes & Silva, 2016) The materialsthat are lightweight and have adequate
strengthhavea significant rolen the aerospaceral automotive industriesVith the

use of AM, components can be manufactured approximately with the equivalent
strength and less weight with these materials and cavitied cellular structural designs
(Rasiya et al., 2021 pimilar requirementsra of high importance for the biomedical
industry. For example, titanium alloys, like-8Al-4V widely used in medical
devices, are excellent foine transplantation of hard tissues. These alloys provide
biocompatibility, high strength, corrosion resistanand less wght. Moreover

bone implard producel using AM have a considerable amount of usage in
orthopedic treatmentdvicGregor et al., 2021) Unlike ths intended purpose, 3D
printing in food manufacturing is used to contribtdeyastronomic and national
satsfaction (Siacor et al., 2021)Food layered manufacturing permits innovative
shapesthe combination of different kinds of edible viscous raw matereaatsl easy
production for these. AM has also opened the field for architects to easilycprod

3D modelsof complex designéNong & Hernandez, 2012)

Different AM methods, their working principles atide materials used in these

methods are given ihable2.1.
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2.1.2 Fused Deposition Modeling

In the realm of AM, FDM stands out as a versatile and widdbpted technique for
creating3D objects layetby-layer using thermoplastic flament material. FDM1is a
ME methodthatusesdiversetypes of filaments (Dommati et al., 2019). In FDM, as
presentd inFigure2.1, a continuous filament of thermoplastic material is fed into a
heated extrusion nozzle, where the filament is heated and trapsfiotma viscous
and malleable state. Then the melted makésiextruded onto a build platform in a
predetermined path, wireeit quickly solidifies to form each layer of the object. The
build platform moves downwards incrementally as each layer is deposited, allowing
for the gradual construction of the final 3bject. The motion mechanism designed
for the printing device allws the extrusion nozzle freedom of movement to regulate
the manufacturing process (Ngo et al., 2018; Li et al., 2022). As shdvigure2.1,

the FDM system consists @ building platform, nozzle, heating bloc&xtruder,

filament spool and movement mechanisms (Kristiawan et al., 2021).

Filament Spool ———

Filament «———
y-Direction
b
M t
N ; ®@ Extruder

x-Direction
SEE—
Movement
L »Heating Block
i~ — 5 Nozzle
Printed Product «— — Building Platform
z-Direction 4 /
—[

Movement v

Figure2.1. Schematic of the 3D printing process of FDM

Mechanical properties such as strength, elasticity, ductility etc. oftiaeddi
manufactured structures llye FDM method depend on the orientation of printing,



thickness and with of deposited layers, the formation of voids between layers
(Mohamed et al., 2015); and distortions within layers (Ngo et al., 2018; Sood et al.,
2010). Additionally, for composite parts, variables suchihesorientation of fibers

and the quality of baifing between fibers and matrix introduce further complexity
to these manufacturing techniques (Yasa & Ersoy, 2018; Wang et alg) 204&

FDM methodhas been continuously developed and modified (Askari et al., 2020).
One of the reasorfer theaffordabiity and accessibility of FDM. FDM printers are
available in a wide range of sizes, wide range of printing quality, simplicity of the
manufacturing progss, capability of various material usage as raw material, and its
low cost (Ngo et al., 2018). These mreathem suitable foseveralbudgets and
applications comparetb the other AM technologies. Additionally, with FDM,
complex designs, intricate geomesiand the designs have production difficulty to
be easily produced, thanks to its laygrlayer constration process (Nazir et al.,
2019; Hou et al., 2018; Sugiyama et al., 2018).

While FDM offers numerous advantages in AWlnotable disadvantage is the
layered finishwhich means visible layer lines can be seen on the surface of printed
objects with thenaked eye. This can affect the aesthetics of the final product and
may requre additional finishing processe® achieve a smoother surface for
production. Moreover, FDM printers may have resolution limitations in achieving
fine details and intricate feats of product, particularly on smaitale prints. This
means itaffectson the overall precision and resolution of the printed components
(Ngo et al.2018; Chohan et al., 2017).

Material limitations are another concern for the FDM, the range of awailabl
thermoplastic printing material is limited compared to other AM technologies. This
can restrict certain applications requiring specialized materiatbveékse range of
thermoplastic materialshat havelow melting temperatusz can be used in FDM
printing, each offering uniqgue material properties and characteristics. Acrylonitrile
butadiene styrene (ABSPLA, PETG, nylonTPU etc. are common filament
materials for FDM manufacturing (Brischetto et al., 2018). Strength, flexibility, heat

resistance, andtloer attributesof these materials are different from each other,


http://www.apple.com/

therefore this allows customization based on d$jgeaipplication requirements.
Table 2.2 shows the widely used polymers time FDM method, used industries,
mechanical properties and 3D printing properties of these materials.

In aerospace industry, FDM is geneyallsed for rapidprototyping of aircraft
components, tooling, and fixtures. In automotive industry, concept models,
prototypes, and custom fixtures are manufactured by using FDM. In the medical
field, FDM is used to produce anatomical models of patiemsifspally accorihg

to imaging data of CT or MRI, and implantable medical devices, such as cranial
plates, bone scaffolds, and dental implants. In addition to these, FDM is also adopted
by other fields such as architecture, education, and beyond, deatiogsits
adaptabity to diverse applications. Additionally, FDM printers can accommodate
multiple materials and colors in a single print, enabling the creation of complex,

multi-component objectsasily.

In the future, FDM may create opportunities different industries from many
perspectives. Raw materials of FDM will diversify and these material may be
combined during manufacturing according to requiremdimis . sistainability ofthe

FDM method is improved day by day. Differentstainable FDM raw meatials will

be produced like recycled plastics. Al§@®M will be improved technologically in
terms of resolution and speed. This will remove the finishing process requirements
for asmoother surface of the product and reduce theifaaturing times. Nowaad/s

FDM can be integratednto other manufacturing processes. This hybrid
manufacturing method will provide flexible and efficient manufacturing. In addition
to these, maybe FDM will enable bioprinting for regenerative medicineissuet
architecture. Tl may provide the opportunity for bioprinted organ transplantation

from the personds tissue cell s.
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2.2 Cellular Structures

Nature hagraduallyovercome many design problems for millions of years. This
made the nature as the inspiration for conceptual design, due to nature generates
structural systems to have aptim solutions and in harmony with the environment
(Wester,2002) One of the welknown, stimulating structure example of nature is
cellular structure. Cellular structures serve as common building blocks, seamlessly

integrated mto various organisms and systems in the natural world.

Nature designs its struses to achieve optimal energetic solutions over the long
term, displaying special appropriateness anatomically, edépthe environment,
lightweight construction, and sictural and functional optimization (Nazir et al.,
2019). Plant tissues such aaves and stems, honeycombs in beehives, bone tissues
of animals, marine sponges, lung alveoli of mamnets are weltknown examples

of natural cellular structures as showrFigure2.2.

Figure 2.2. Examples ofhatural cellular structuresa) SEMview of humanbone
(Jonbailey, 2010)y) Honeycomb structure (Ball, 2013)), Leafcells (Dowd, 2019).
d) Marinesponge (Sea Sponge, 2023)

12



A cellular structure can be defined as a solid matéhiat is characterized by
significant porosity. Struts or plates construdte t cellular structure with
interconnections between each other. Stmasthatconsist of only edges are called
opencell structures; on the other hand, if the separation between pores are procured
by plates; means structuréhet consist of edges arfdces, are categorized closed

cell structures. Also cellular structure® &lasgied as 2Dimensional (2D) oBD.

A cellular structure includes unsymmetrical unit cells and consists of random cell
sizes called foam. A cellular structurthat has regulagl connected unit cells are
called lattice structur@Ataollahi, 2023)

The principles inherent in these structures can profoundly enhance product design
across diverse industries. By incorporating these principles, designers can optimize
critical propertis like weightto-strength ratio, energy absorption capabilities, and
heattransfer efficiency (Khan et al., 2024). This symbiotic relationship between
natureinspired design and product innovation holds immense potential for creating

more efficient, sustaable, and resilient solutions for the challenges of tomorrow.

In engineeing, cellular structures refer to architectural designs or materials
composed of interconnected unit cells, often resembling a honeycomb or lattice
pattern. These structures are auderized by their repeating geometric
arrangements, which provide lighewght yet strong properties. Cellular structures
are utilized in various applications, including aerospace components, building
materials, and biomedical implants, due to their higlengthto-weight ratio,
efficient load distribution, and materighving features. These advantages make

substantial the cellular structures &osustainable world

2.3 Lattice Structures

Lattice structures consist of interconnected porous unit cells organized in a
systematic and repeating manner. These structures have remaakabletes,

including their lightweight nature and exceptional mechanical propéiasliahi,

13



2023) Moreover lattice structures exhibit efficiency in distributing material away
from bending or torsional axes by grouping it into localized elementsighr
interconnected arrangements of elements joined at points. This geometric
configuration enhances their strul integrity and performance in various
applicationgHunt et al., 2022)

The ability to be shaped with heat is an important thermoplastipepy of
polymers. This thermoplastic property has led to polymers being widely and easily
used in 3D printersln recent years, numerous studies have been conducted in
academic research using 3D printers and PLA filament. The easiness of
manufacturing ggecially lattice structures using 3D printers and PLA filament leads
to many studies focusing on the mechanicapprties of these lattice structures in

this area (Koeppe et al ., 201 8; Kol I ner et

As mentioned inprevious paragraphs, hollow figures composed of thin edges

represent lattice geometry structures. When compaidd avdinary structures

which are contrasted with bulk materials without porosity, these structures meet the

same mechanical properties in ghlier form. Lattice structures have numerous

superior qualities and benefits. They demonstrate high strengthstédfreess
(GroCmann et al ., 2019) , stemming from thei
t her mal expansi on ¢ o e folXueetak, 2323), signdicpratt i ve Poi
energy absorption capacity (Wei et al., 2018), and effective acoustic ins\{iaiog

et al., 2015). An important benefit of lattice structures is their ability to be

customized for specific applications. By adjusting dnengement pattern of unit

cells, the properties of a lattice structure can be precisely controlled, offering

remarkable flexibility not typically found in other materials or structures. Therefore,

Lattice geometry structures hold a very important plaeagineering materials. The

initial research on lattice structuréscusedon polyurethane foams with different

|l attice geometries and their superior mecha
ratios(Lakes 1987)

14



The Poi ssonds r abtyi oS i-BaRsingdi Poogsoaeads an
fundamental material property. When a material is subjected to a fostewsa

reaction force to that force. In other words, stretching or compressing a material in

one direction causes it to contract or expandpeetively, in the perpendicular

direction to the loading direction. This behavior is explained by the material's
Poissonds ratio characteristic (Anitha e
positive Poi ssono6s Figue3dshowb thet lomgitedmal &hd 1 and
lateral strain directions of a beaubjected t@ tension loadlable2.3 shows some

of thematerialswithp osi t i ve Pdviorsover,Bgdasion & antd Eqoation

2 show the calculation of longitudinal and lateral strain values, respectively.

Lateral Strain

Longitudinal
Strain

A
o
A

«——— L+tAL —  —*

Figure2.3. Longitudinal and lateral strain notation on a beam

(1)

C:l '8
cC:

w6 (2)

Cal cul at i on sratb bytuding longiudinsl ara fateral strain values are

given inEquation3.

: - 3)
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Table2.3. P o i ratiesmfsone materials (Critchley et al., 2013)
Material Poissord Ratio
Cork 0
Concrete 0.10-0.20
Glass 0.22
Granite 0.20-0.30
Marble 0.20-0.30
Iron 0.22-0.30
Steel,cast 0.27
Copper 0.27
Titanium 0.3
Aluminum 0.33
Polystyrene 0.34
Bronze 0.34
Brass 0.36
Clay 0.41
Rubber 0.48-0.50

Some lattice structures, even when constructed from materials with known Bogsson
ratios, can exhibit unexpected characteristics due to their geesadthis leads to
different values outside the typical definition of Poiss@atio. In other words, these
lattice structures, when stretched along one axis, may show expansion alaxig the
perpendicular to it, or when compressed along one axisiritagyexhibit contraction
along the axis perpendicular to it. Due to this contradiction, this property is called as
a negative Poissdngtio, and materials exhibiting this characteristie lamown as
auxetic materials in literatur&@he kehaviors of auxeti and norauxetic materials

are demonstrated Figure2.4, clearly.

16



2R

P1t

a) Positive Poisson Ratio Behavior

b) Negative Poisson Ratio Behavior

Figure2.4. Schematic of behaviaf a beam applied tensile loajlAuxetic materials
andb) Non-auxeticmaterials

Additionally, lattice structures exhibit concave or convex shapes depending on the
angles of cell edges. Generally, lattice structures with cell edges oupsfstonvex

shapes have positive Poi s s avadshapesreahibit os . H
the characteristic of a ne g a-auketicelattifeo i s s on
structures, auxetic structures demonstrate high frictional strength, high impact
energy absorption, high interfacial strength, higlo u n ma@ldus, ad fracture
toughnessThese properties increase the usage of auxetic structures in various
applications. The energy absorption capability has enabled these structures to be used

to producearmored vehiclesThe high fracture toughness feature indicatesthiese

structures aaalso be utilizedo produceclimbing equipment. Additionally, auxetic

foams are employed in filter systems. The high interfacial strength characteristic has

made these structures suitable as support materials in construction ssistbrnas

walls and briges. Moreover, the ability of auxetic lattice structures to expand during

tension allows them to be used in heart and vascular stents.

17



In literature researchndattice structuregheirmechanical properties and production
methodsAM stands out as thegferred method for manufacturing lattice structures.
Different AM methods have been used for various lattice geometries and mechanical
properties of these lattice structsireffects of production methods were investigated

in numerousesearches. In thestudies, it was observed that lattice geometries can
exhibit negative or positive Poisson's ratios depending on their cell configuration.
This has led to the investigatifor Poisson's ratios as a mechanical property in these

studies

Some examples arevgn from literature research. Tensile specimens of lattice
structures were produced using PLA filamenttkieFDM method, and their fracture
behaviors were examined in three dimensions under SEM (Xu et al.,, 2019).
Mechanical propertis of different poragl PLA structures were investigated under
uniaxial compression loading (Ben Ali et al.,, 2019). Furthermore, the tensile
deformation behavior of lattice structures made from eklsiite materials was
studied to predict initial fail@r location and progssion in various lattice geometries
(Wu & Yang, 2020)In another study focused on tissue engineering, lattice structures
were manufactured by using filaments reproduced from PLA with copper, silver, and
bronze,separately. These filaments have been produced specifically for use in FDM
methods. According to the research findings, lattice structures produced using
filaments with silver additives in PLA gave the most proper results (Alam et al.,
2020).
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2.3.1 2D Lattice Geometries

Commonly used lattice structure geometries #meir characteristics found in
literature are mentioned in this chaptégure 2.5 showssome examplkefor the 2D

lattice structures.

L X X X X
. A Y A A

Y A A £y
b Fy Y A A
' “A . A . il

Figure 2.5. Lattice structure geomeds widely used in literaturea) Square lattice
geometry b) Triangular lattice geometryc) Hexagonal lattice geomeind)
Diamond lattice geometryg) Re-entrant lattice gometry,f) Star lattice geometry;
g) Kagomelattice geometry h) Chiral lattice geometryi) Arrowhead lattice
geometry

Square Lattic€&seometry Square geometry is one of the most used lattice gepmetr

It provideslighter weightwhile maintainingthesaen | oad capacity. Po

of the square geometry is zero due t@wéh shape and orientation
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Hexagonal latticeGeometry:Hexagonal geometry Elsoone of the most preferred

geomety in literature. This geometry is a wédhown honeycomb core netal
which is generally used to produce sandwich structures duéeio mechanical
properties, and characterizations.iPos o n 6 s rhaxagoral geometryt ik e

positive.

DiamondL attice Geometry:Diamond geometry isot commonly usegeomety in

the gudies of lattice structurePoi ssonds ratio of t he di amond

Re-entrantLattice Geometry: Re-entrant geometry is one of the mogteferred

A

lattice geomety in | i t er at ur e. BecauenrantReometrg isn 6 s r at i

negative, iis generally used in academic research.

Star Lattice Geometry: Star geometry isalso rarely usedlattice geometry in

literaturePoi ssonds ratio of the starntgelometry i s

shape

Kagomel attice Geometry:The kagomeyeomdry is theleast used lattice geometry

in literature.This geometry exhibits a positioisso® satio characteristic due to

its convexunit cell shape

Chiral Lattice Geometry:The chral geometry,incorporates multiple geometrical

shapes under one stture, andthe unitcell shape of it can be modified easily.
Changing parameternof the unit cellsprovide various mechanical properties for
chiral structuresOne of these shapes can be circular, while the other can be any of
the geometries mention@uFigure 2.5. Thislatticegeometryhashigh compressive
properties due to thanit cell shapgit contains. The Poissénsatio varies depending

on the specificell shape.

ArrowheadL attice Geometry: The arrowheadattice geometry is one of the less

commonly preferredgeomety in literature This geometry exhibits a negative

Poissoi® mtio characteristic due to its concave branch structure.

Triangular Lattice Geometryiriangle geometry is one of the most commordgal

lattice geomety andit provides lighter weight while maintaining the same load
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capacity. Poi ssonds ratio of the squaruwtgeomet

cell shape

2.3.2 3D Lattice Geometries

Planar Lattices

A planar lattice is a structufermed byaregular and ordered arrangement of cells
within a plane, as shown iRigure 2.6, and thickened perpendicular to this plane
(Zhang etal., 2008). These structures are alternatively called as 2D or 2.5i24atti
in literature, because they are essentially 2D but possess a thickness in the direction

perpendicular to the plane (McCaw & Cddmuizo, 2020).

Figure 2.6. Examples of tree different planar lattes: al) Hexagonalunit cell
geometry a.2) Hexagonal latticeb.1) Chiral unit cell geometryh.2) Chiral lattice
c.1) Reentrant unitell geometryandc.2) Re-entrant lattice (Andrew et al., 2021)

Variousunit cellshapes can be usexularly and peodically to ensure connectivity
(Gibson, 2003)As mentioned in previous paragraphs, shapes used in planar lattices
range from triangulageometry, square geometry, hexagonal geomstyare,
tetrahedrondiamord and in addition to these recent form&ferred in literature
such as rentrant and chiral patterns used for designing auxetic structures (Pan et

al., 2020) Figure2.6 illustrates examples of planar lattiagasother word<2D lattice
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structures. Takinginto account the impact of microstructures and unit cell
arrangements, planar lattices can exhibit dominance in bending modes (Qiu et al.,
200%). Besdes, planar lattices have different material properties hobptane and

in-plane directions (Nazirtal., 2022).

Planar lattices are favored for their simple structural dedigry can beeasily
achieedthrough various CAD software tools (Zhangaét 2008).Their superior
characteristics include high relative stiffness and strength, along withrdente
fabrication methods (Qiu et al., 2009a; Qiu et al., 2009b), making them extensively
utilized in applications requiring lodaearing capabilitiesgnergy absorption, and
packaging to absorb impact energy as core material for sandwich structures (Zhang
et al., 2008; Qiu et al., 2009a; Qiu et al., 2009b; Li et al., 2019a). Morebegraite
particularly advantageous in minimizimgw-material usagegssential for efficient

part printing (Zhang et al., 2008). Furthermore, planar lattices show significant
promise in creating auxetic structures, which aspecially usedor energy
absorption (Chen & He, 2020; Zhang et al., 2Z0Zuan et al., 2020; Hu al., 2020).

Generally, sharp corners are the initiation points of failure in planar lattice structures
leading to a decrease in stiffness and energy absorption capabilities (Nazir et al.,
2022). To solve this issue and minimize its effects, it is macgdo improve the

material distribution at node points.

StrutBased Lattices

Strutbased lattices arstructural designs consisting of a connectdnndividual
strutswithin a single unit cell, depicted Figure2.7. (Benedetti, et al., 2021; Syam,

et al., 2018). Mechanical properties of a strased latticetasuctures are affected

from various geometric parameters like relthpe, rod size and their connection
patterns. Optimizing these parameters can lead to achieving desired mechanical

properties (Syam, et al., 2018).
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c.2 d.2

Figure2.7. Examples of four different strliiased latte structurs with unit cells:
a.l) Facecenered cubic unit cel(FCC), a2) FCC lattice structurgb.1) Simple
cubic unit cellb.2) Simple cubic lattice structure.1) Bodycentered cubic unit cell
(BCC), c.2) BCC lattice structureand dl1) Kelvin unit cell, d.2) Kelvin lattice
Structure(Obadimu & Kourousis, 2021)

In general, Strubased lattice structures can be formed by arranging fundamental
cubic unit cells likea crystalshge andunit cells can bediagonal,body-centered
cubic (BCC)and facecentered cubic (FC®r their modified variants (Altamimi, et

al.,, 2022; Syam, et al., 2018). Relatively simple design and various possible
topologies ofstrut-based lattice structuresve increasingly made these structures
popular both in literature and industries from a dearghmanufacturing perspective
(Altamimi, et al., 2022). The arrangement of lattices has a substantial effect on their
deformation and failure characteristics fRd al., 2020; AKetan et al., 2018b; Li,

et al., 2014). As describedftineliterature, diferent lattices are utilized for different
types of deformation and resilience to different type of loading. For instance, lattices
such as cubic and rhombic elhibending and buckling deformations (Li, et al.,
2014; Cao, et al., 2020). In contrast, tiwtet lattice with an FC@onfiguration
exhibits stretching, which makes it usable for éring applications (Deshpande

et al., 2001; AlKetan et al., 2018bfancogneDejean & Mohr, 2018).

According to literature research, the most frequently obsdatede in strutbased

lattices is a fracture close to the ligament jointsKAtan et al., 2018a; Aletan et
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al., 2018b; Altamimi et al., 2022; Dalaq et aD18; Chen et al., 2020b). To solve
this issue and minimize its effects, it is necessary taamg smooth transitions
between ligaments for these tgpef lattice structures. Numerical and theoretical
analyses in literature demonstrate its superior mechhapiroperties in specific

applications (Cao et al., 2020).

SurfaceBased Lattices

Surfacebaed lattices are generated from trigonometric equations and these
structures consist of continuous and porous surfaces with a sewetd feature.
Shape, size,ral density of the lattice structure can benged by modifying the
equation(Chen et al., 202b; Bonatti & Mohr, 2019; Feng et al., 2022). Compared
with strutbased lattices, surfad®msed lattice structures exhibit unique stress and
volume distributionsn terms of reduction of stress concentration, increasing in
strength, energy absorption, camgsive strength, and o u n maoadus (Shah et

al., 2022).

Well-known surfacébased lattice structures are triply periodic minimal surfaces
(TPMS) (Al-Ketan et &, 2018b; AlKetan et al, 2018a; Gohar et al., 2024; Chen et

al., 2020b; Bonatti & Mohr, 201%eng et al., 2022). These tya# lattices can be

seen in natural structures. Such as insects' shells and wings, and crustacean skeletons
(Kapfer et al., 2011Al-Ketan & Abu AFRub, 2019). The Schwarz and Schoen are

the two most significant topologies of TPMS foundthe literature Nazir et al.,

2019).

TPMSs represent a class of precise mathematical topologies defined using
trigonometric functions, focusinghdocal area minimization of the surface within a
specified boundary while maintaining an average curvature of zet¢dtah & Abu
Al-Rub, 2019).

Table2.4 presents the mathematical equations of tygi€alS, as depicted ifigure

2.8. These structures feature highly interconnected surfaces periodically repeated in
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three distinct lattice directions, dividing space into two intertwisted voidephas
(Maskery et al., 2018).

Table2.4 Trigonometricfunctionsof some surfacéased lattices

TPMS structure | Equations

Schwarz Primitived AT & AT d® AT ® o

Gyroid OEDAT & OEDAT ® OEFAT O &
OEb OEd OEd OEbAT OAT ©
Schwarz Diamond OEb AT QAT ©® OEJAT AT & &

Figure2.8. Examples of surfaebased lattice structures: a.1) Schwarz diamond unit
cell, a.2) Schwarz diamondittice structure; b.1) Gyroid unit cell, b.2) Gyroid lattice
structure; c¢.1) Schwarz primitive unit celRr Schwarz primitive lattice structure

These resarches andheir documented PoissOnsatios for these geometries are
shown inTable2.5, Table2.6 andTable2.7.

Table 2.5 shows the nomuxetic lattice structures in other words lattitesing
posi ti ve Buwiihdiffeem éel geoneetties.o
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Table 25. Po i s s o n ofsnonauadici lattise structureswith different cell

geometries
Lattice AM _ Poi ss
Material _ Reference
Geometry | Method Ratio
_ SLA Polymer 0.2 (Chen et al., 2020)
Triangular :
SLA L5D1.1 0.25 (Mahbod &Asgari, 2019)
Diamond SLS Nylon 1 (Yang et al., 2019a)
FDM PLA 0.5 (Carneiro et al, 2019)
Hexagoml SLM Aluminum 1 (Hou et al., 2016)
Polyjet | VeroWhite 1 (Si mpson & K
Kagome SLM Ti6A14V 0.5 (Zhanget al., 2020b)

Table 2.6 shows theauxetic andnon-auxetic lattices haing both negative and

positive

P with sestanguéarsor squarte cetl geometrids.undersbod

fromP o i s s o ndhanging anit ceb parameters of the rectangstape lattice

structures can change timeechanical properties

Table 26. Poi ssonds
rectangular or square cell geometries

r at i msauxett lattieeustretureswith a n d

Lattice AM Poi ss
Material _ Reference
Geometry | Method Ratio
FDM PLA 0 (Carnero et al, 2019)
SLS Nylon 0.25 (Duan et al., 2020)
Rectangular| SLA Rubber -0.6 (Wang, 2018)
Polyjet | Photopolymer -2 (Choi et al., 2019)
FDM Polyethylene 0.05 (Yang & Ma, 2018)

Table 2.7 shows the auxetic lattice gttureswithnegat i v e

different cell geometries.
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Table 27. Po i s s o n ®fs auxetia tlattiace sstructuredaving different cell

geometries
Ic_z-z[:)l(r:r]eetry AM Method Material Plgaltios S Reference
FDM PLA -0.89 (Quanetal., 2020)
Polyjet Filaflex -0.23 (Carneiro& Puga,2018)
Polyjet VeroWhite -0.6 (Li etal.,2018)
Polyjet VeroWhite -0.4 (Wangetal., 2015)
Polyjet DM9760 -0.25 (Jiangetal., 2019)
FDM Epoxy/Ghss | -0.24 (Ass'd"g; Ocslg;gmﬁer’
Re-enrant SLM AISi10Mg -0.44 (Xiao etal., 2019)
SLM AlSi10Mg -0.15 (Dongetal.,2019)
SLM Al Alloy -0.5 (Zhangetal., 2018)
SLA/Wire Cut | Al / Epoxy -0.2 (Tanetal.,2019)
SLM Ti6A14V -0.89 (Yaoetal.,2020)
SLM Ti6A14V -0.18 (Kolkenetal., 2020)
SLM StainlessSteel -0.8 (Wangetal.,2017hb)
FDM ABS -0.5 (Hu etal.,2019a)
FDM ABS -0.25 (Hu etal., 2019b)
EBM Ti6AI4V -0.3 ( Ne |l etale2020)
SLA UV Cur. Resin -0.94 (Fu et al, 2018)
Chiral FDM PLA -0.5 (Hu etal., 2020)
FDM TPU -0.55 (Hamzehektal., 2020)
FDM PLA -0.3 (Zhaoetal., 2021)
SLS/SLM AlSi1l0Mg -0.93 (Maetal.,2018)
EBM Copper -0.2 (Novaketal., 2020)
FDM ABS -0.56 (Ai & Gao,2018)
Star SLA Acrylic -0.53 (Li etal.,2019)
SLA/Casting A";T('J’;“m -0.38 (Wei etal., 2020)
LaserWelding | StainlessSteel -1.25 (Gaoetal., 2018)
ﬁ;ﬁ;"" SLA Phos:;'g’mer 0.2 (Yang& Ma, 2020)
FDM ABS -0.75 (Gaoetal.,2020b)
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2.4  Honeycomb Structures

Honeycombs find extensive ap@ieon areas in aerospace engineering, marine
industries, automotive sector, defense industry, energy storage, and biomedicine
because of their outstanding properties such as high stiffness, specific strength,
impact resistate, and vibration damping capkies (Imbalzano et al., 2015).
Honeycomb geometry themost traditional core material used for composite gnel
especially sandwich structures to enhance the stiffness. Honeycomb sandwich panels
are known for their high flexural stiffnegbat contribues to improved stability,
excellent fatigue resistance, and noise reduc¢Bazer, 2012) Sandwich structures

are increasingly utilized in various industries due to their superior stiftoegsight

ratios, which enhance spé#ic stiffness and strength performance (Nunes & Silva,
2016; Katunin et al., 2014; Xiong et al., 2010; Di Bellale, 2012). The industrial
honeycomb core is generally formed by corrugating or expanding sheets of paper or
aluminum foil, which are subgaently bonded together in multiple layers. Typically,

a sandwich panel comprises two hsfiffness skins bondea tlow-density core

panels, as illustrated fFigure2.9.

Skin sheet

Adhesive Core structure

sheets

Skin sheet

Figure2.9. Schematic diagram alandwich structure with honeycomb core (Ma et
al., 2021)

In engineering, core structure refers to the type of lightweight, strong, and efficient
design typically composed of various type of cells resembling a homdyc
Typically, the core supports transse shear loads and provides separation between

the face sheets, whereas the face sheets hargliEnea loads and bending moments
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(Carlsson & Kardomateas, 2011). Core structures can be made from different
materialssuch as metals, polymers, compositesriifiass, Nomex or Kraft paper etc.
(Gibson, 2014)and via different manufacturing methods like expansion process,
corrugation process and AM etc. Through different methods of corrugating, bonding,
and expanding hogeomb, different cell patterns can berfeed. The basic cell
shapes of honeycombs are hexagosquare and flexore, these configurations can

be diversified like oveexpanded, undezxpanded and reinforced (Bitzer, 2012).

Figure2.10 shows the used honeycomb cell configurations especially for sandwich
structures.

Most typical cell patterns are hexagboell, overexpanded cellandflex-core cell,

as shown irFigure2.11. Each cell type exhibits different physical and mechanical
properties from each other. The directiortledribbon hasanimportant rolein the
mechanical properties and physical characteristiteetioneycomb because these
properties are different amaling to parallel and perpendicular to the ribbon.

Honeycomb core cell patterns and their ribbon directions are illustratédgure
2.11.

HHHHHHHHHHH

HHHHHHHHHHHH SISO
THHHHH 9050303050300 %02
CHHHHHHHHHHHT 0000000002020 %0 %
CHHHHHH ] 0000000 00030303¢%
CHHHHHHHHHHHGT ODLLERK

Figure2.10. Honeycomlzxell configurations (Bitzer, 2012)
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<4—— Ribbon direction —p <4—— Ribbon direction —p <4—— Ribbon directon —p

Figure2.11. Honeycomb core cell patterns and thigibon directiona) Hexagoal
cell, b)Overexpanded celk) Flexcore cell

Hexagonal CellThe hexagonal shapélmoneycomb structures offers excellent load

bearing capacity and stiffness, optimizing material and space utilization. This design
is inspired by the natural honeycomb of beehives and increases the strength and
efficiency through ithexagonal cell configration. Hexagonalcell performs the best

when laminated in flat sheets.

OverExpanded CellOverexpanded cell (OX) is formed by stretching aganal

cell honeycomb perpendicular to the ribbon direction. OX cell honeycomb psrform

well at bending aroundimple curves.

Flex-Core Cell:Flex-core cell performs excellently in creating compound curves

such as in the nose of a radome.

2.5 Aim of the Study

This study aimsto investigate the mechanical properties of the additively
manufactured oveexpanded honeycondiructurs under compressive loath this
study, PLA was used as the raw material of the AM of these-exymnded
honeycomb structureExperiments and fingt element simulations were performed
to observe the effects of changesnit cell sizesthethickness of unit cells anithe
angle of the unit cell on lattices. For this reason, 27 differenstyfattice structures

were designed and subjected to ¢henpressive loath-plane directionln addition
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to the experiment of the@¥ differentspecimes, FE modeling of 7 different lattice

structures were done and used to verify the experimental results in terms of the
effects of parameter changes of unit cel . Yield strength and Y
the specimens were calculated by using both experiinamiaFE analysis results.

Il n addition to these results, Poi ssonds 1
Mechanical properties of additively manctiared overexpanded honeycomb

structures desigrd with parameter changes of unit cells were stigated and

comparedvith the similarities with the commercial ovekpanded honeycombs.
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CHAPTER 3

MATERIALS AND METHODS

In this chapter, the material properties, dimensions of test specimens, design and
manufacturing stages, conducted compression tests, aictlst analyses of test

specimens using finite element method (FEM) have been described.

3.1 Specimen Geometry

3.1.1 Unit Cell Sizes and Design Parameters

In this study, three types of geometries with diffei@lt angles were analyzed, all

the geometry shapesdb like overexpanded honeycomb core material. Samples of

the studyhavedifferent cell sizeand different cell anglegigure3.1 shows the unit

cell shape of the test speooftestspecimehsed c el
are illustrated irFigure3.2. Although the celshape of all geometriésrectangular,

t wo of the geometries with OA and 90A an
geometry and the othgeometry witha4 5A angl e can be catego

shape lattice.

Figure3.1. Unit cell geometry of test specimens WitbA
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_:_ Angle of Cell; 6=0°
I Angle of Cell, 6=45°
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Figure3.2. Angles of usednit cell geometries for specimen design

For the cell geometry design of lattice structures, astriditedd inFigure 3.1, the

shorter edge di mension of 't hethelenger angul ar u
edgedi mensi on of the rectangular unit cell IS
unitcelsarethes ame and shown as Wt o. For these uni

bet ween the Aad and Abo and the calcul ati on

o p® A (4)

According to the b calculation by using a value as given in Equation 1 and defined
Rfado andahues, cell sizes of t e&gure3gpeci mens ¢
there are 3 different valus for the ell angle. Specimen IDs were structured

according to the following naming schemerigure3.3.
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‘ |_> Value of angle
Cell Angle

Value of thickness

Edge thicknesses of a cell

Value of half of the long edge of a cell
Half of the long edge

Value of half of the short edge of a cell
Short Edge

vy ¥V Y ¥V ¥

Figure3.3. Naming scheme of the test specimBs |

Before the desig process of test specimens, Bdancken Design statistical method

was usedDesired number of the test specimen and specimen dimensions are given

hY

in Table 3.1. For this resear s, amsa vaheotdt it 0 a

depends on fiad. To det er thenanberdfemdingems cr i t e

with using the Box-Bencken methodtheaccept ed variabl es
Thereforefor this study, there are 9 different cell sizes andrtieans thathere are

9 different lattice structures for each of the angles.

Table3.1. Dimensions of the unit cells and number of the specimgnp e s f or

Specimen ID a(mm) | b (mm) | Thickness (mm)
a2b3t 0. 2 3 0.4
a2b3t 0.} 2 3 0.5
a2b3to0. ! 2 3 0.6
a2.5b3. ] 25 3.75 0.4
a2.5b3. ] 25 3.75 0.5
a2.5b3.1] 25 3.75 0.6
a3b4. 5t | 3 4.5 0.4
a3b4. 5t 3 4.5 0.5
a3b4.5t0 3 4.5 0.6

35

ar

d=20

(



In Table3.1, only the samples for d=0A are given.
d=90A angles wer e al sRgure3f.éndpecimenltdh iisl 0Dt udy a s
is replaced with Ad450 aNddferantdcdIGivesdreor ot her
used for design of lattice structgtbathave three different angles. Varying of angles

also increase the number of required specimens. These argli®e angles dhe

unit cell around countelockwise andares h o wn  dJsed aéndlégor the

speci mensoAdA4s ddigPed2sowshe tsed angles of unit cell

geometries whichareA), A4&nd 90A, retomweop.i vely, from bo

The geometry has OA c e lekpanded grleyombsoresi mi | ar w
material design as shownlhigure3.4 (a). A generalview of these lattice structures

with different cell angles &sl in this study can be foundkigure3.4.

Figure34.Speci men geometries with angles0Aa) O0A
unit cell

3.1.2 Test Specimens

Testspecimens were designed using unit cells with dimensions and the specificati
thatdescribed irthe previous title. Unit cell geometries were arranged in repeating
patterrs to create lattice structures similar to oeapanded honeycomb structsire
The general view of these lattice structures is illustrateBigure 3.4, provided in

the previous section. For this study all of the test speceamasre subjected to the
compression load and the design criteria efdpecimens aredefined according to
ASTM D695 standard. All the test spe@mas 40x40x30 mhor very close to this

36


https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/

volume. The dimensions of a test specimen volume were shown as lehgth (
height(H) x width (W). For all the test specimenise value of width is fixed and

equal to 30 mm. Due to changing of the cell sizesethe small changes on length

and/or height dimensions of tlsamples For both dimensions on the front side of

the speci men, 40N2 mm di mensi ohthei s acc.:

compression surfaces is fixed and defines as 1Fgure3.5 showsthedimensions

of atest specimefor this study.
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Figure3.5. Dimension criteria for tespecimens
For the Computer Aided Design (CAD) of the test specimens, CATIv&5used.

In Table3.2, all test specimens and their IDs are given in detail
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Table3.2. Detailed dimensions and specifications of the test specimens

Lattice Structure Dimensions Sample Sizes

. a b t L H w
specmen® | mmy | mmp | oy | ¢ U mmg | fmmp | g
a2b3t 0. 4 2 3 0.4 0 394 | 404 30
a2b3t 0.5 2 3 0.5 0 395 | 395 30
a2b3t 0. 5 2 3 0.6 0 39.6 41 30
a2.5b3. 7 25 3.75 0.4 0 41.65| 40.2 30
a2.5b3. 7 25 3.75 0.5 0 41.75 | 41.5 30
a2.5b3. 7 25 3.75 0.6 0 4185 | 39.7 30
a3b4.5t0 3 4.5 0.4 0 409 | 404 30
a3b4.5t0 3 4.5 0.5 0 41 41.5 30
a3b4.5t0 3 4.5 0.6 0 41.1 39 30
a2b3t 0. 4 2 3 0.4 45 40.5 40 30
a2b3t 0.5 2 3 0.5 45 40.5 40 30
a2b3t 0.5 2 3 0.6 45 40 40 30
a2.5b3. 7 25 3.75 04 45 40.5 40 30
a2.5b3. 7 25 3.75 0.5 45 40.5 40 30
a2.5b3. 7 25 3.75 0.6 45 40.5 40 30
a3b4.5t0 3 4.5 0.4 45 40 40 30
a3b4.5t0 3 4.5 0.5 45 40 40 30
a3b4.5t0 3 4.5 0.6 45 40 40 30
a2b3t 0. 4 2 3 0.4 90 41.2 38.6 30
a2b3t 0.5 2 3 0.5 90 40.5 | 385 30
a2b3t 0.5 2 3 0.6 90 42.2 38.4 30
a2.5b3. 7 25 3.75 0.4 90 41 39.65 30
a2.5b3. 7 25 3.75 0.5 90 425 | 39.75 30
a2.5b3. 7 25 3.75 0.6 90 40.9 | 39.85 30
a3b4.5t0 3 4.5 0.4 90 41.2 38.9 30
a3b4.5t0 3 4.5 0.5 90 42.5 39 30
a3b4.5t0 3 4.5 0.6 90 40.2 39.1 30
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3.2 Material Characterization

PLA was selectedfor this study to be utilized in the cellular strudures.PLA is
comprisedf cornstarchandsugarcane.As canbe seenfrom its raw materialsijt is
an organic and biopolymer thermoplasticmaterial. It is widely usedin AM
techniquesparticularlyin the FDM method.In the literaturefor lattice geometries,
generally main focus of the searchis exploring the mechanicalpropertiesand
microstructureanalysesof various geometriesusing PLA. Furthermore,PLA is
biodegradableandcanfully decomposeénto the soil within 80 days(Corapietal.,
2019) alsoit hasno harmto humanhealthor theenvironmentPLA finds extensive

applicationgn industriessuchasautomotive aerospaceyiomedical androbotics.

For the manufacturingof the testspecimensPorimaPLA filamentwasused.The

technicalpropertiesof PorimaPLA filamentareshownin Table3.3.

Table 3.3. Generalpropertiesof PorimaPLA filament usedin the thesis(PLA
Filament,2024)

Material Properties Value Unit Test Method
Physical Density 1.23 g/ cn 1SO 1183
Properties Melt Flow Rate 17.3 g/10min ISO 1183

Yield Strength 56 MPa ISO 527
Mechanical Youngo6s L 2850 MPa ISO 527
Properties Tensile Elongation 7 % ISO 527
Notch Impact Test 14.2 kJ/ n ISO 179
HeatDeflection .
55 AC ASTM D648
Thermal Temperature
Properties Glass Tranition .
55-60 AC ASTM D648
Temperature
Electrical _ .
_ Surface Resistanc¢ > 1 01| Ohm/sq| ASTM D257
Properties
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For the FE analysisof the testspecimenthe stressstrain curve of the PLA taken
from the article written by Johnston& Kazan cvéas usedto define the material
propertieof PLA. In theirresearchJohnstor& K a z ahaveusedthestandardBS
EN ISO 527-1:2019to specify the materialpropertiesof PLA. Accordingto this
researchthey havecreded a stressstrain curve for the PLA by usingtensiletest

specimens.

Thestressstrain curvepreparedy Johnstor& K a z aisigvenin Figure3.6.

70

60 4 Ultimate Tensile Stress

50 -

] Yield Stress
E 40
2 1
a 4 g .
p 30 , P Failure Stress
= Proportional 7

20 4 Region o
| _+*" 0.2% Strain Offset
10 4 .

0 0.01 0.02 0.03 0.04 0.05
Strain

Figure3.6. Stressstrain curve forthe PLA@h nst on & Kazancé, 2021)
3.3  Additive Manufacturin g of Specimens

TheUltiMaker 2 Extended+wasusedasa 3D printerto manufactureestspecimens
for this study.Figure 3.7 showsthe generaliew of the UltiMaker 2 Extended+3D
printer. This 3D printer is a ME-type AM methodand usesFDM. The printing

propertiesof the manufacturingaregivenin Table3.4.

As mentionedbefore, test specimenswere modded in CATIA V5. Then test
specimengveretransferredo the appropriatefile formatasfi . s Théséfiles are
usedin the programof the 3D printerwhichis UltiMaker Cura5.2.2.As definedin

thepreviousparagraphafterplacemenof thetestspecimensntheheatecplatewas
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doneeligibly, optimumsettingsweredone.The optimum settingwasclarified, after

awhile manufaturingtrial specimens.

i

Figure3.7. UltiMaker 2 Extended+ 3D printer and manufacturing of test specimens

Duringthemanufacturingf testspecimensall printing settingsandconditionssuch
asnozzletemperature heatedbed temperatureprinter speed,andthe temperature
andhumidity of theroom,in whichthe 3D printeris located werekeptconsistento
providethe samematerialpropertiedor eachspecimenTable3.4 showsthe setting

of the 3D printer.

Table3.4. Printing parameters of test specimens

Parameter Type Specification
Brandof filament PorimaPLA
Weightof thefilament 5009
Radiusof filament 1.75mm
Nozzleradius 0.4mm
Nozzletemperature 230A C
Heatedbedtemperature 65A C
Print speed 60 mm/sec
Thicknesdayer 0.2mm
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Five sampleswere producedfor eachtest specimen.This meanstotally 135 test
specimensvere producedfor 27 differentted specimes. Manufacturingof a test
specimerwas completedapproximately3 hours.Figure3.8, Figure 3.9 andFigure
3.10 showthe CAD desgnsof the testspecimenandtheir manufacturedersions

respectively.
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Figure3.8. A) CAD models ofovere x panded honeycomb | attice st
unit cell angle B) Additively manufactured oveexpanded honeycomb lattice

structures with OA wunit cell angl e: a) az2b:
a2.5b3.75aD.8W®, 75e¢4)0. 5d@0 fg) aBbBbBtD51UE.0,
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Figure3.10. A) CAD modek of overexpanded honeycomb lattice structures with

90A uni t B)Additively mangfdctered oveexpanded honeycomb lattice
structures wvaintgh e%20 A )umi2th 3cedl.14d9 0, b) az2b
d) a2.5b3. 75t 0. 49d09,0 ,f )e )a 2a.25. b53b. 37. 57t 50t . 06. d59d0 ,
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3.4  Compression Tesof Specimens

Compression tests of the specimens were executed using Instron 8801
ServohydraulicFatigue Testing System. The test machinehas N 1 0k®l force
capacity,150 mm usablestroke andthe capability of performingboth static and
dynamic testing. Instron 8801 test machine was preparedsuitable to execute
compressionestwith two flat compressiomlates.Testspecimensnarufacturedby
using PLA materialand FDM methodweretestedas quaststaticcompressionAs
mentiored before, test specimes were designedand manufacturedaccordingto
ASTM D695. To enhanceeliahlity, validity and demonstrateepeatability three
samplesveretestedor eachof 27 differenttest specimerdesign Figure3.11 shows
Instron8801loadframeandatestedspecimenThe compressiomateof thetestis 2
mm/min and the specimes were compressedip to 5575% displacementTest
resultswereacquredasforcevsdisplacementrom thetestsystemandeachtestwas

repeatedhreetimes.

Figure3.11. General view of Instron 8801 Servohydraulic Testing System
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3.5 Finite Element Modeling

In this chapterfinite element(FE) modellingandanalsisareexplained.TheFinite
ElementModelis generatedn ABAQUS Software.A 2D modelis constuctedand
DynamicExplicit analysianethodologys utilized to simulatethecompressiotests.
Kinematiccoupling;givenin Figure3.12, is definedat thetop andthe bottomof the

FE modelin six directionsto definethe loadingandboundaryconditions.

Figure3.12. Boundary conditiomf FE model ofa specimen

Thebottomplateof themodelis constrainedy six degree®f freedom.Theloading
is appliedat the top of the specimerin fiUzo directionandotherdirectionsarekept
fixed to preventthe modelmovemenin otherdirections.Theloadingandboundary
conditionsareshownin Figure3.13.
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Figure 3.13. View of the loading and boundary conditionstioé FE model ofa
specimen
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The stressstrain curve, given in the material section,is usedin the FE analysis.
However,thesestressand strain valuesare engineeringstressand strain values,
ABAQUS requirestrue stressstrain valuesin the simulations.Thus, engineering
stressandstrainvaluesareconvertedo true stressandstrainvaluesusingEquation
5 andEquation6. Both elasticandplasticregionsaredefinedin the materialsection

without usinganyfailure criteria.

, . P - 5)
- I 1- P (6)

The loadingrate is appliedas5 mm/sto minimize the effect of inertia, which is
negligiblein QuasiStaticproblems,on the system this effed is still consideredo
minimize the calculationerrors. The generalcontactalgorithm s definedfor the
wholemodelto getcloserto therealbehaviorof thestructureduringthecompression
phase.Both tangential and normal interactionsare consideredin the contact

definition.

4-nodeshellelementgS4R)with reducedntegrationandhourglassontrolareused
in simulations. The mesh size dependson the severalrequirementsin explicit
simulations Both simulationtime andaccuracyof theresultsneedto be considered.
To reducethe simulationtime with acceptableesults,the time stepneedsto be
arrangectarefully. Thetime stepdepend®nY o u nngodutus,materialdensityand

elementsize.Thetime stepcalculationis givenin Equation?.

we — (7)
In Equation6, |c and cq are the characteristidength and dilatationalwave speed,
respectively.Equation8 shows the approximatecalculationof dilatational wave

speed.

e

e - (8)
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For Equation 8, E and J are the Y o u n mddslus and density of the PLA,

respectively.

Basedonthetime stepequatiorandresultsaccuracythemeshsizeis selectechs1.5
mm. ThedetailedFE modelfor thespecimera 2 b 3 t i®givénih Figure3.14.

z

%Y

Figure3.14 Meshed view of the specimen a2b3t0

In additionto the FE modelof thespecimerwith 0 Aell angle themeshedE model

for thespecimensvith 4 5aAd9 0c8l unit cell anglesaregivenin Figure3.15,

2 oy

Figure 3.15. Meshed ww of the specimens on ABAQUSa ) a2b3k) 0. 5d45
a2b3t0.5d90
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CHAPTER 4

RESULTS

In this chapter,the results of the experimentsand FE analysisare given and
comparedn detail. With theuseof experimentatlataandFE analysisesults stress
andstrainvalueswerecalculatedYield strengthandY o u nrgodwdusvalueswere
foundandcalculatedusingstressandstraincurvesfor bothtestsandFE analysisin

additionto theseP 0 i s satiosv@erealsocalculatedfor the specimensisingFE

analysis.However this was not possiblefor experimentspecausdateral strains
couldnot be measuredTo measurehe lateralstrain,additionalmethodsor sensors
shouldbeused like the Digital ImageCorrelation(DIC) method.

By usingexperimentatlataandFE analysisresults stressstraincurvesweredrawn
up with calculatedstressand strainvalues.Figure 4.1 showsa generalview for a

stressstrain curveandimportantpointsonit.

Stress
r'

Ultimate Strength

\ Fracture Point
Yield Strength

\Young’s modulus=Slope
E=2

£

» Strain

Figure4.1. General view oftressstrain curve for a material

Accordingto testresultsor FE analysisresultsfor the specimensthreestagesvere
observedduring test execution.Thesestagesobservedn the compressiortest of

lattice structuresareelastic,plateavanddensification(Johnston& K a z a 2021¢
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Generalview of the graphof a lattice structuresubjectedto a compressivdoad

shownin Figure4.2.

Densification Region \
/ Elastic Region |
I

Plateau Region

Force

Elastic Limit Densification
Displacement Point

Figure 4.2. Force vs dislacement graph of lattice structures subjected to
compressivelad (Johnston & Kazanceé, 2021)

In thefirst stage the specimeris in elasticregion,loadingis linear andthereis no
yielding. In the secondstage the lattice structureandits cell shapestartchanging
dueto elasticbucklingand/orplasticdeformation This regionis namedasfiplateau
regiord. The last stageis the densificationregionandwhole cell geometrief the
latticestructuresqueeed. Thus thematerialof the structurestartsto becompressed.
Thesethreestagescan be seenclearly on the force displacemengraphsor stress

strain curvesfor boththetestresultsandthe FE analysisof the specimens.

4.1 Experimental Results

In this chaptertheresults of the experiments are given and compared in detail. As
mentioned in previous chapters, wholempression tests were executed as guasi
static loading and with compression rate of the test is 2 mm/hasts were
continueduntil speciners were compressed up to 5% displacementEach
design was tested and their resaltsshown inFigure4.6, Figure4.10 andFigure
4.14using at least thretestspecimensBy using experimental data, stress and strain

valueswerecalculatel f or each test specimen. Yi
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values were fond and calculated using theseessstrain curves for each test

specimen as shown Kigure4.1.

Additionally, force-displacement cungewere plotted to show th#te test results
have similar characteristic as defined in literature. Elastic, plateau and densification
stages observed in the compression test

2021) can be seen on tferce displacement curves of this thesis

4.1.1 Speci mens with OA angl e

Test results of the test specimens w0 A c el | an gdble4dlaDurmg gi v e n
the execution of the test, test datvas acquired as force and displacem€&nhése

data were usedith the conjunction of specimen dimensions to calculate the stress
straincurves.Yi el d strengths and Youngds modul u
stress and strain curves and values of each test spedtigene 4.3 shows an

exampe to find yield strengths and Youngos
a3b4.5t0. 6d0. Means of the \wereedlcdatedt r engt

using experimental results of each specimen and standard error of them are used to

prepareTable4.1.
0.7 ‘
a3b4.5t0.600-51
0.6 a3b4.510.680-52
a3b4.5t0.680-53
0.3
g 0.4
203 Yield strength
0.2
0.1 A
—»Youngo6és modul us
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Strain

Figure43.Stressss r ai n curve of the test speci men
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As defined intheliterature, three stages, which are elastic, platea densification
(Johnston & Kwaezeaabserged in 2tlBe2 dompression test of

lattice structures According tothe testresults, for all the specimens, three stages

were observed during test execution. As an exarreye4.4 shows the observed

stages of the test s jsetlree paenpledraFguréd4ls,3 . 75t 0. 6 d C
although the graphs are AStress vs Straino

regions can be distinguished clearly.

a2.5b3.75t0.6-S1

4.5 ——2a2.5b3.75t0.6-S2

a2.5b3.751t0.6-S3

Force [kN]

1.5 Elastic

) Densification Region
Region

Plateau Region

0 5 10 15 20
Displacement [mm]

Figure4.4. Forcedisplacement curve of test specinrer2 . 5b3. 75t 0. 6dO0

According to Table 4.1, maximum and minimum Yyield strefigtand Young's
modulis values belong to the specimen with D a2b3t 0. 6d0 and
a 3 b 4. 5respectwalylVhen specimens are compared based on cell size, if the
cell size increases, both of the yield strength ¥ra@l u n madlidus decrease. The
opposite is vatl for the thickness. When specimens are compared cangjdiee
thickness of cell edges, if the thickness increases, both of the yield strength and
Younmgddul us increase. Except for one test sj
result was not confirmed | t hough the thickness of the tes
is higher than the specimen with | D a3b4. 51
strength andYoungédul us of specimen a3b4.5t0.6d0
speci men a3b4. 5t 0. btheGnanufacturinghaf the dpecimens. r e sul t ¢
Although the printng parameter and options were kept same for all manufacturing,
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3D printing may be affected by lots of things. Exdepts peci men a3b4. 5t 0.
the test specimens demonstrate that decreasingelhesize and increasing the
thickness of the cell edgeshance the strength of the lattice structures.
Table 4.1. Yield strength and Young's modul u
according to experimental rdtsu

SpecimenID Yield Strength[MPa] | Y o u n aaldus [MPa)

a2b3to0. 0.379N0.003 4.78N0.236

a2b3to0. 0.692N0.053 9.223N0.687

a2b3to0. 0.706N0.034 10.327N0.497

a2.5b3. 0.204N0.005 2.203N0.066

a2.5b3. 0.304N0.022 3.481N0.194

a2.5b3. 0.486N0.005 8.921N0.018

a3b4. 5t 0.121N0.006 1.644N0.078

a3b4. 5t 0.132N0.005 1.743N0.046

a3b4. 5t 0.124N0.006 1.733N0.07
Test results of the test specimens are givéigare4.6asain St r ess vs Strair
According toFigure46, t he speci men a2b3t0.6d0 has t
Younmgodasul us and the speci men aterdghanBt 0. 4d0

Y o u nrgodldus. Exceptors pe ci me n 3 aimehtioBetindthe prelidus
paragraph, decreasing the cell size and increasing the thickness of the cell edges

enhance the strength of the latticeistures. This can also be seerrigure4.6.

After compression tests of the test specimens @ith uni t cel | angl e

ar e Fgaredbn i n
All the test specimerhave been compressed up te3Bnm displacement.

completedthe deformations of the test specimens WitA
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4.1.2 Specimenswi h 45A angl e

Test results of the test specimenswith5 A c el | anTabled2. Bigue gi ven i n
47shows an example to find vyieldeststrengths
specimen with | D a2.5b3.75t0.5d45. Means o
modulus calculated using experimental results of the samples of each specimen and

standard eor of them & used to preparBable4.2.

1.5
a2.5b3.75t0.5645-S1

13 a2.5b3.75t0.5645-S2
a2.5b3.75t0.5645-S3

gi?” 0.9 Yield strength
S
@ 0.7
@
'D
205
0.3
- —»Youngbés modul us
-0.1 0 0.05 0.1 0.15 0.2 0.25 0.3

Strain

Figure4.7. Stressst r ai n curve of the test specimen wi.t

Detailedinformation for the three stages of the lattice structures compression test is

provided in Title4.1.1 These stages were also observed for aitispens with 48

angle during théestexecutionAs an examplerigure4.8 shows the observed stages

of the test specimen a2.5b3.75t0.85 wi t h t hr e eFigereadti® | es of it
although the graphs are AStress vs Straino

regions can be distinguished égasi
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a2.5b3.751t0.6645-S1

4.5 a2.5b3.75t0.6045-S2
7 ShR 78§ 5.9 . N
4 a2.5b3.75t0.6645-S3 Densification
35 . Region
J.- Elastic

Plateau Region

Z 3 Region
&4
_'2 2.5 1 |
= 1
I
1
I

0 5 10 15 20 25
Displacement [mm]

Figure4.8. Forcedisplacement curve of test specinre2 . 5b3. 75t 0. 6 d 45

According to Table 4.2, maximum and minimum vyield strength and Young's
modul us val ues bel ong t o t he speci me
a3b45 t 0 . despdcbvelyWhen specimens are compared based on cell size, if the

cell size increases, both of the yield strength ¥ra@l u n madlidus decrease. The

opposite is valid for the thickness. When specimens are compared considering
thickness of ell edges, if the thickness increases, both of the yield strength and

Y o u nmodldus increase. All the test specimens demonstrate that decreasing the

cell size and increasing the thickness of the cell edges enhance the strength of the

lattice structures.

57



Table 4.2. Yield strength and Young's modul us o
according to experimental results

SpecimenID Yield Strength[MPa] | Y o u n aalidus [MPal

a2b3t0. 4 0. 7 ®D14N 17.82 N 0

a2b3t0.f 1.151 N 23.453 N

a2b3t0. € 1.883N 0. 11 34.104 N

a2.5b3. 7 0.280 N 5.601 N O

a2.5b3. 7 0.514 N 14.589 N

a2.5b3. 7 0.931 N 23.46 N

a3b4. 5t 0.235 N 4.835 N 0

a3b4.5¢t( 0.313 N 7.739 N O

a3b4.5 0. 6d 0.574 N 15.309 N
Test results of the test specimens are giveRignre4.10asafi St r ess vs Strain
graph. According td-igure4.10, it can be seerhat the spacmen a2b 3t 0. 6d45 hz
the highest yield strength aivdo u nga@dul us and the speci men a3
the smallest yield strength antio u n mawl|us. Asmentionedin the previous
paragraph, decreasing the cell size and increasing the thiokh#ss celledges
enhance the strength of the lattice structures. This can also hie ségure4.10.
After compression tests of the test specimens wihA uni t cel | angl e h:

completedihe deformationsf the test specimensith 4 5 A sh@wnim Figure4.9.

All the test specimeshave been compressed up to 30mm displacement.
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Figure4.9. Deformations of the test specimenswifre 4 5A aft er coanprasE3tve. 4 d4ad, nlg): a2b3t 0. 50

az2. 5b 30..745dt405.,5 dh4)5 ,a 3fb)4 . a52 .05 b53d.4755,t O .) 6 dad35h, 4
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4.1.3 Speci mens with 90A angl e

Testresults of the test specimens withA90 ¢ e | | angTabke48.fFiguregi ven i
411showsan example to find yield strengths
specimen with IDa2 . 5b3. 75M@ atd 9 @ f the yield str
modulus calculated using experimental results oktmaples of each specimen and

standard error of them are udedpreparerable 4.3.

11 a2.5b3.75t0.6690-S1
a2.5b3.75t0.6690-S2
a2.5b3.75t0.6690-S3

Yield strength

Youngébés modul us

Stress [MPa]

L8]

10 0.05 0.1 0.15 0.2
Strain

Figure4.11. Stressst r ai n curve of the test speci men

Detailedinformation for the three stages of the latticeciires compression test is
provided in Title4.1.1 These stages were also alvse for all specimens with9 0 A
angle during théestexecution.Figure 4.12 shows theobservedstages of the test
specimen a23t06d90 with three samples of it. IRigure4.14, although the graphs
are AStress vs aldplateau negionsgandedisttguisked ciearly.i ¢
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a2b3t0.6890-S1

a2b3t0.6890-S2 ——
a2b3t0.6890-S3 Densification

20 Region

Elastic
5 / Region

-/

Plateauregion

Force [kN]

0 5 10 15 20 25
Displacement [mm]

Figure4.12. Forcedi s pl acement <curve of test speci men

According to Table 4.3, maximum and minimon yield strength and Young's

modul us val ues bel ong to t he Sspeci men
a3 b4. 5 treBecdvely@VBhen specimens are compared based on cell size, if the

cell size increases, both yield strength an
is valid for the thickness. When specimens are compared consitlegitigckness

of cell edges, if the toknessmcr eas e s, both yield strength .
increase. All the test specimens demonstrate that decreasing the cell size and

increasing the thickness of the cell edges enhance the strength of the lattice

structures.

After compression tests ofé testspecimens with@ A  uni t cel | angl e ha
completedthe deformations of the test specimenswWiih®® a r e Fgjlrest®B8n | n

All the test specimehave been compressed up to 24 mm displacement.
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Table 4.3. Yield strength and Young's modul

according to experimental results

SpecimenID Yield Strength[MPa] | Y o u n Maldus [MPa]
a2b3t 0. 4 4.105N0.285 336.598N16.69
a2b30 . 5d9 6.902N0.135 504.437N12.945
a2b3t 0. § 9.921+0.674 635.519+ 32.102
a2.5b3. 1 2.793N0.017 309.758N14.096
a2.5b3. 1 4.56N0.096 466.341N4.691
a2.5b3. 1 7.76N0.212 566.189N5.877
a3b4.5t( 1.455N0.065 232.348N20.717
a3b4.5t( 2.305N0.227 276.553N13.137
a3b4.5t( 3.471N0.121 377.848N14.883

In conclusion for the experiments, both streain andorce-displacement curves
are given to show the difference between the test specimems wit A |, 45A
degree unit cell angles Figure4.15. All samples with the same unit cell angle show
similar behaviorln Figure4.15, assea from thestressstrain cuves,thestrength of
the lattice sictures increas with increas in unit cell angle.Moreover, & seen
from the forcedisplacement curves, while elastic regions are shedeplateau
regions enlarge with increage unit cell angle. In addition to tke, densification

occurs later.
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4.2 Numerical Validation

In this chaptertheresults ofthe FE analyses are given and compared in detail. As
mentioned in ChapteB.5 whole simulations were performed as compogss

loading, quasstatic loading ath with compression rate of the tesas5 mm/sec.

Analyses were continuedwhen specimen were compressed up to 62.5%
displacement. This means analyses were done as spsaporapressed up to 25

mm. By usingFE analysis results, stress and strain valuesal®ulated for each
analyzedest specimewith FEYi el d strength and Youngos
found and calculated using stress and strain curves. In addition to tindke

calculation of the materiggr operti es by usi ntgoistass t res-.t

calculated here.

For comparison of theffects of the changed parameters on material properties of

test specimen&E analyses of 7 different specimewveare run and results were used

to calculatemechanical properties. As defined in previohspmers, there are 27

different lattice structure naels for this study. To observe the effect of changes in

unit cell size, thickness of the unit cell edges and the angle of the unit cell, running

of analysisof 7 different lattice structures is adequttethis thesis.FE analysis of

lattice structures a2 b 3t 0. 4d 0, a2b3t0.5d0, a2b3t 0
a3b4.5t0.5d0, a2b3t 0. 5d45 anheir irdebded t 0. 5 d €
purposes argiven inTable4.4.

As mentioned inTable 4.4, FE analyses of the |l attic
a2b3t0.5d0 and a2b3t0.6d0 are used to cor
of unit cells. FE analyses of the lattice structurds @2 0. 5 d 0, a2.5b3.75
a3b4. 5t 0edboddnpaaertte efiec of changes in unit siés. Moreover,

FE analyses of the la2hk3dtcC. Ssdddrbucamrid exd2 R
used to compare the effect of changes in unit cell angles.
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Table4.4. Specimens have FE analysis and their purpose of usage

The Place of Use for Comparison

SpecimenlD Cell Thickness Cell Size Cell Angle
a2b3to0. 4d n - -
a2b3t0.5d n n n
a2b3t0.6d n - -
a2.5b3.75 - n -
a3b4.5t0. - n -
a2b3t0.5d - - n
a2b3t0.5d - - n

Theresults of the FE analyses of the lattice structures are givéahie 4.5. FE

analysis results are taken as stress and strain values. By using these data, force and

displacement vakes are also calculated according to specimen dimensions. Yield

str engt hssmadulds vdueswerg Galculated using stress and strain curves

and values of each test specimérose FE analyses were riiigure4.16 shows an

exanple of findingy i el d

| D a2. 5®3.

Stress [MPa]

0 0.05

Figure4.16. Stressstrain curve of the test specimen with D2 .

75t 0.

Yield strength

0.1

—»Youngds

0.15

strengt hs

5d

0.2
Strain
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Figure 4.17 shows the three stages that are elastic, plateau and densification, as
mentioned in previous sections, of lattice structures compression test for the test
a2. 5b 3. based AFE Esul.

3]

1
|

1 Elastic | ! Plateauregion

Region |

Densification
Region

0.5

0 5 10 15 20
Displacement [mm]

Figure4.17. Forcedisplacement curve of the peci men a2. 5b3. 75t 0. ¢
to FE analysis

Yield strength and spéamemsgvbich wenoadlculatedsby o f  t

using FE analyses results are givei able4.5.

Table4.5. Yield strength and Young's modulus of specimens by using FE analyses

Specimen ID | Yield Strength[MPa] | Young 6s Mea
a2b3to0. 0.520 6.260
a2b3t 0. 0.840 12.250
a2b3t 0. 1.110 19.960
a2.5b3. 0.390 5.860
a3b4. 5t 0.260 3.210
a2b3t 0. 0.350 40.250
a2b3t 0. 5.191 576.372

Yield strength and Youngés modul us of t
experimental result®s mentioned in sectiod.l Yield strength an
modulus of the seven selected specimens were also calculated by using FE analyses
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results.In addition totheser e sul t s, Poi ssonoswhichaati os of t h
a2b3t0.4d0, b82bBb36AO5d®M,2. 8HP3. 75t 0. 5d0, a3bi4.
and a2b3t 0. 5d9for,FE analyseFigaredl1&showsahie Bahtions

which are used to cal dcHresaltse Poi ssonébés ratio

S, Mises

SNEG, (fraction = -1.0)

SPOS, (fraction = 1.0)

(Avg: 75%)
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

Figure418 Vi ew of | ines wused for calculation of

According to FE analysis results, the léngf the specimewasmeasured from 3

different locations for every 5 mmandtheaverage Peisonds rati o was <cal
by using these values.h e Poi ssoné6s ra2bBtD.® 6a2b8t0.5 4 e sampl e
anda2b3t0.5/ 4 &egiven inTable4.6, Table4.7 and Table 4.8, respectively. In

addition t o P o thespbysicalbdsformatiomf thee samplés agaisst

the compressive force is alshownin Table4.6, Table4.7 andTable4.8.
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Table4.7. Poisson'sratiosa 2 b 3t 0 . 5 dndabevesyfancdisptaeement of
compression

Displacement| Po i s g

_ View of Specimen
[mm] Ratios

5 0.104

10 0.220

15 0.296

U\
SRS Z A\
S itln

NG s NEAH LT
NN 2]
&é;@%ﬁﬂ‘\

o
‘;"\:‘\'\;‘\\’."4‘, '.,

20 0.288
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Table4.8. Poisson'sratios@ 2 b 3t 0. 5d 9 0 s pnencdisptaecemenadf e v er )
compression

Disp;:(r:ne}ment PROatiioz y View of Specimen
A
RN
|| R
(HHFAHHHY
AT
10 -0.409
15 -0.381
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4.2.1 Effect of Thickness of Unit Cell Edges

As mentioned inTitle 4.1, 27 diferent lattice structusewere testedy applying

compressive force to the test specimens. These tests have been executed to evaluate

the effects of the changestime thickness of the unit cells, unit cell sizes and angle

of unit cells.To understand theffect ofthe thickness othe unit cell onthe lattice

structure FE simulationswere performed whereas to do these comparisons not all

experimental test results needed to be considered. Thus, 3 lattice structures were

modeled by using FE. These lattgteuctures havehe same unit cell size and same

unit cell angles. The lattice structures, which were analyzed by using FE, are
a2b300. d48b3t 0. 5d0 an dstrancbnges dtheBedspecimehdre st r es
are given irFigure4.19. By using the curves and analysis values, yiekhgtihs and

Youngds modul us of t h e Tablg4® showsethe syieldver e cal ¢

strength and Young's modulus of thepecimens.

Yield strength

/

3
x

x

Figure4.19. Stressst r a

rain curve of the test speci mens wi
and a2b3t0.6d0

Figure 4.20 shows the observed stages of the test spesiwégh IDsa 2 b3t 0. 4d 0,
a2b3t0.5d0 a rod thea 2ohtiarytd speadnes a2 b 3t 0. 4dO0 and
a2b 3t Onlythalelnstic regionofthespecimer2 b 3t 0. 6d0 cannot be se
in Figure4.20.
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