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ABSTRACT

Recently 3D lattice structures have attracted an attentiona darge number of
applicatiors such as personal protective equipment and packedgatp their distinctive
properties, in particular combining the lightweight and high strerigtithis research
study, mechanical properties and energy absorption cagalaifit uniform and
functionally gradedattice structuref F2CCZ stylemade of Ai12Siand manufactured
by selective laser meltingS(_M) processwere investigated. The latticérgctures were
uniformly and gradually dense with equal relative den8blution heat treatment (T6)
was applied to study the effect on the microstructure and mechanical charactefistics
the fabricated SLMsamples Un-axial compres®n tests were conttted in build
direction to evaluate thmechanical characteristics of tlatice structures. Numerical
analysisof compression behaviowras performedising LSDYNA code oftheANSY S©
softwareto verify the experimentatesults In addition, Optical Micoscope (OM),
ScanningElectron Microscopy (SEMand Xray diffraction (XRD)were used tstudy
and investigatéhe microstructure changes and fractsteface morphologylastly, the
Gibson and Ashby equations has been establishaddstigate analyticahodels for the

two-lattice structurg

The experimental investigationkave clearly shown that SLM technology can
successfully produce the lattice structure such as E2@h good repeatabilitgndhigh
manufacturability OM and SEM images show that BLprocess resulted in an-ARSi
alloy with a characteristicallyfine microstructure. Adabricated SLMmicrostructure
consistsdifferent areas, fine grain size of Si and Al in hatohec(melt pool core) and
coarsegrain sizes at the hatch overlaps (lasean track).Room tensile testof as
fabricated SLMsamples exhibited high mechanical properi¢she expense of the
ductility. Following T6 treatment, the investigations shasignificant effect of the heat
treatment T6 on the microstructure andrtechanical properties of the-ARSi material.
The results reveal that the yield and fracture strength decrease tobaboand 43%,
while the ductility (fracture strain) has beértreased taabout 63%.XRD and OM
analysis demonstrate thidite microstru¢ure of heatreated SLMsample have become
coarse and homogenodse to grow of Si and Al grasize with complete absence of the
microstructure difference regions; dendrites, laser traces, heat affected zones and hatch

cores.



The compression testisave fiown thatfunctionally gradedattice structures exhibited
distinctive and different deformation behaviour thheuniform lattice structureswith
thecollapseof layersoccurringsequentially, starting withlowest density layetio higher
density onen sequencerl he uniform lattice structurewerefound to behomogeneouy
deformedunder compressive loads dudfte formation o#5° diagonal shear band along
with fracture and flakdailures. The experimental investigation of the-lasld-lattice
strucure show brittle deformationbehaviour that igesulting in large decrease and
fluctuations in compressive strengtiConducting T6 treatment has significantly
eliminaed the brittle fracture and low strain failure of-lsild lattice structuresThe
deformation behaviour of the hetieaded lattice structure exhibited distinct response by
providing typical stress strain curyavhich include ideal compressive regionBinite
element analysis results were found to agree well tiéhempirical findings of he
examinedheattreatedlattice structurs, but these \@s somediscrepancyn comparison
with experimental results oésbuild lattice structuresCalculation oftotal energy
absorption showed th#te gradually dense lattice structure absorbed highaggriban
auniform lattice structuref which 8.03+ 0.03 MJ/n? and 8.336+ 0.02 MJ/n? are the
total amount of energy absorbed bgattreated functionallygradedand norgraded

lattice structures respectively.

FurthermoreGi bson and As hdbbednestablishada find auntise pre a
fectorsC1, C5andUfor functionally graded and uniform lattice structures under the as
fabricated and hedteated conditionsThe determined values 6fL andUwerefoundin
good agreement with the given range alirxes by Gibson antishby [1], while C5 values

werefound to be relatively higher.

Theseresultsincrease the potentidhat the functionally gradediattice structuresof
F2CCZ styleor other modelsvith of densitygradient would be more desirable fam
application that required high energy absorption capability. Their deformation response
eliminates the conventional failure behavigusy which they exhibit sophisticated and
different collapse behaviour. Consequently, these results give indicationsrabdatd g
lattice structures are more suitable and attractive for applications that requiredusigh

resistance.
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Chapter 1
INTRODUCTION

1.1. Overview
This chapteprovidesan introduction of the e s e a r ¢ thednwinobjectivésandthe
p r o b Istatemseds-urthermore,tireviews the significancef this researctstudy and

the organization athe project

1.2. Background

Functiorally graded lattice structure or functionally graded mat@fi@M) is a new class
of engineered matermthat are characterized by changthg composition or structural
design gradually over the material volume, resultingamrespoding changs in the
properties(mechanicagl therma) in one direction or more directions ovire bulk
material FGMs is consideredsone of the promising solutions in the science of materials
engineering, which has potential applications in various aspects like aeraapdaane,
andengineeringlevicesdue to itsattractive propertiesTraditionally, lattice structurer
porosity materiahas been fabricateasing different conventional techniqudige melt
gas injectior[1, 2], investment castin{g], stack and joimg the laminateglates[4, 5],
physical vapour deposition (PVD®] and sheet metal technig{le 7]. However, these
conventional fabrication methods have some limitatsuth as higleost Jlimited design
freedoms [8], incapability to produceFGMs with structural gradient[9], their
effectiveness to the shape compleXity] and discrepancy in propertiof producing
cellular structuregl1].

Recently,Theadvancenentsin additive manufacturing technologpgatticularly selective
laser melting(SLM) process has showrthe abilityto manufacture lattice or cellular
structuredor a wide range of applicatiordue to itsability to overcome the limitations
of the conventional techniquesThe advantages of metalledditive manufacturing
includethe ability to fabricate lattice stictures in micro scale range,liamted intricate
geometrieshigh control of internaarchitecture of voids and solid struts of unit eald
FGMs with structuragiradient[9, 12-14].



The use aluminum and alumineatioy (Al-12Si)in production of the lattice structure on
SLM has been th@®ocus of many researchers becaustheflistinctive properties of the

Al - alloy such adow density high stength adequate hashability, wear andcorrosion
resistance, and weldabilif$5].

In this research study new approach of designirgCCZ stylefunctionally graded
lattice structuresvith linearly and continuouslyhangng density gadient throughout the
structuralayersis proposed for energy absorption applications. Compressive mechanical
properties and energy absorption capability of functionally graB2@8CZ lattice
structuregmade of Al12Si and fabricated by SLMre experimentallyinvestigated and
compared to the uniform lattice structwéhout compromising omhe overall volume
fraction The resulted data of the experimental work eegfied usingfinite element
analysis(FEA) study. FEA models are deve@apandconducted using L®YNA code

of ANSYSO software.The effect of théneat treatment on the compressive behaviour of
the uniform and functionally graded lattice structudenensioml accuracy and surface
morphology are also investigated Futher, Gibson andAs hby 6 s Hlgareat i on
empiricallyapplied forexaminedattice structures to find owanalyical models of these

structuredor future use.

1.3. The significance and novelty of this research

The importance of the current stuldgs with the need to devel@new desigrapproach
for functionally graded lakte structures with continuowsd linear desity gradiens to
provide novel deformation behaviour for energy absorption applicatidresresearch
studiesavailableso far reporton lattice structuresmade with abrupt stepwise and
changedseparatelyin each layerdensity gradientTo assess the #éiby of the SLM
process to manufacture such designed lattice strudroma Al-12Si is another
importanceln addition, conductingnd developindinite element analysifr this new
approach of the lattice structure and verify the experimental results nsvel.
Furthermore, there is insidfent data on the effect of solutitveat treatmenT6) on the
compressive deformation behaviour @ahdsthe energy absorption behaviour of SLM
Al -12Si, which this effect will be provided.



1.4. The aim and objectives of the research

This research aims to investigate the compressive mechanical properties and energy
absorption capabilitgnd anew designing approach B2CCZfunctionally graded lattice
structure made of AL2Si and fabricated by SLM technology, considgrihe effect of

heat treatment on the microstructw@ed its mechanical performanc&o achieve this

mainaim, the researcis divided intothefollowing individual objectives.

1.4.1. The research objectives are:

1. Designfunctionally graded and uniform tate structuresnadeof F2CCZ unit
cell with equal relative density usi)TC"™ Creo Parametric 3.0 software

2. Manufacturingghe CAD modes of designed lattice structures using Spkbcess
to assess its ability to produce such structures

3. Evaluating themicrostructures andensile mechanical characteristics of SLM
processedAl-12Sitest samplesn asbuild condition and after conducting the
solution heat treatment Tah these samples

4. Conducting experimentaltest (compression tests) for investigating the
conpressive propertieand energy absorptiooapability of asfabricatedand
heattreated=2CCZlattice structures.

5. Conductinghefinite element analysiBEA to study thecompressiveleformation
behaviour of the modelled lattice structures &od comparisonwith the

experimental results.

1.5. Organisation of thesis structure
Thisresearch study consists from of the following distinctive chapters:

The first chapter is an introduction, it providesgeneral informatiorand background
about t he r e sifeanceaidmaevelty, angd the gim and alpjectives as well

asanorganisation of the thesis structure.

The second chapter is a literature reviewit reviews the relevant previous studies which
provide comprehensive knowledgabout lattice structures, addie@ manufacturing
technology,selective laser meltingAl-12Si material, heat treatment of-8I alloy and

functionally graded material. In addition, it presents the summery of what has already



been done in researahd develpment of thdattice structureas well as selection project

problem.

The third chapter is a methodology it describes the material and methods used
implementing this research studyFor example, selectiomnit cell type, material
selection, design latticersictures SLM manufactumg process aneitc.

The forth chapter is a mechanical and energy absorption characteristics of lattice
structures, it provides methodology to calculate the mechanical properties (modulus of
elasticity, plateau stress, onset densification) as well as ea&sprptioncapability.

Also, it include the Gibson and Ashby equations and coefficients.

The fifth chapter is an experiments and numerical analysesit includes
comprehensive information about what had been donestess the mechanical
performance of AlL2Si material and compressive properties of the lattice structures.

The sixth chapter is results and discussigrit provides and discuss the obtained results
from the experimental procedures and FEA models. Furthermore, it attempts for
clarification and iterpretation of all results and observations that had happened during

the study in order to provide clear picture.

The seventh chapter is conclusions and future workit concludes the findings and

observations as well as suggests the recommended futute wor

The final section is an appendixit provides and explains further information for this

research study.



Chapter 2
LITERATURE REVIEW

2.1. Overview

The scope offtis chapteiis to provide thédackgroundand general informatioaf what

was found irtheliterature regarding researom lattice structureadditive manufacturing
technology(AM), selective laser melting process, functionally graded material (FGM)
and the effect of heat treatment processes ealldy. Towards the end of the chapter

the most releant studies in research and development of the lattice structures fabricated
by AM is reviewed, and thgaps in the literature itihe area ofattice structures made of
Al-alloy and fabricated by SLM for energy absorption applicationsthigthesis aims
atapproaching are pointed out.

2.2. Cellular structure (Lattice structure)

Lattice structure or cellular structure can be defined as a network of calfgamticular

shape, in which the cells are assembled and constructed from joining the solid ligaments
a nodepoints. Gibsonand Ashfgl have defined the caplof ul ar
an interconnected network of solid strutsorplaek i ch f or m edges and
Lattice structures exist in our life, whether they are natural or manufackaregkample,

lotus root, honeycombs and core of bird beak are natural forthe ddittice structures

while, wheels, the core of sandwich panel and building frames are excellent examples of
humanmade of lattice structures. It is stated that there are two types of cellular solid;
two-dimensional cellular solid in which twdimensioml hexagonal cells fill the plane

area, and it is called honeycombs. Thdémensional cellular solid in which three
dimension cells fill the space to form the structure, andaitsigcalled foamg1]. Three
dimensionaicellular solid can be opetelled or closd-celled, which relies on the
existing solid material that the structure is made frorthdfsolid material is just in the

struts edges, it is operell structures. If the solid material is in face®l struts of the cells

and they are closed by its neighbours, @ ddoseal-cell stucture[1].



Lattice structures have gained a significant attention of many different applications during
the last decades, basically due to their attraginoperties. The main characteristics of
the cellular structures are low relative density, high compressive strength, light weight,
thermal and acoustic insulation and high vibration dampicgprding toGibson and
Ashby [1] and Queheillaltet al. [16]. They have mentionethat the main areas of
applications that have widely used cellular structuressttestural thermal insulation,
energy absorption, packagingptmedical for implantand buoyancy.

It is important to understand the manufacturing techniques of the Istticctures. There

are various methods used to produce metallic lattice structures, which completely depend
on the phase status of the material that has been procassbdwn in Fig. 2..Banhart

[2] & Ryanetal[17], these start from using liquid metablid metal in powdered form,

metal vapoupor gaseous metallic, metal ion solution

latticestructures ]

—

structure

Forming || Casting ' Deposition J Forming
= | :
Melt gas - Sheet metal
injuection plasmaspray surface working
. coating -
l Gas-releasing l Wire-weaving
agentrcastmg Physical / chemival ]
vapour deposition =
i extrusion
Hollow spherecasting] J ros
[ Rapid
prototyping

U investement casting l

[J Stochastic “ Regular struture

Space-holder
sintering

power
sintering

)

Figure 2.1, Different manufacturing techniques of cellular structurg].

Ashby et al[18] and Banhatt[2] mentioned that traditionallynelt gas injection was
used to form a metallic foam and then mactiirie the dsirable shape as shown ilgF
2.2. Other studie®Wadley[4, 5] show that cellular structuregeremade from the stack
and join the laminar plates aperiodic manner. Wang et 8] explain that investment
casting was used to produce cellular sol@suse as truss core sandwich panel. On the

other hand, thermal spragchnologiedike physical vapour



deposition (PVD)and chemical vapour deposition (CVQyere usedd produce lattice
structure with solid struts by depositiohthe metals on thpolymer templategl8] and

[6]. Gibsonand Ashby[1] and Zoket al.[7] use the sheet metal technique to fabricate
lattice structures in honeycomb fornhieh are widely utilised in the core of sandwich
pane structures as can be seen ig E3.

MELT GAS INJECTION

Melt
drainage ~ ..

Crucible

Stiming paddie P
& gas injector

Heating

Figure 2.2, Melt gas injection casting proce$48]

However, conventional manufacturing processes of lattice structures have some
limitations that have been Hilighted by othe studies. Maskery et f]state that
conventional manufacturing techniques are costly and not able to produce lattice
structures with complex geometry. On the same Wéatlley[10] the effectveness of
the traditional processes is limited tye shape complexityyang[l1l]states that low
productionrates and the divergence in properties of lattice structures are the essential

limitations of conventional processes.

Punch

Core sheet prior 1o corrugation;
elongated diamond perforated sheet

Figure 2.3, fabrication of pyramidal truss core by cutting and bending proce§ges



Recently, the advanogentin additivemanufacturing technology has lexlovercomehe
problems and limitations that conventional manufacturing processege in
manufacturing lattice structureSverthelast decade, many researnchbave investigated

and studied the ability of additive manufacturing processes to produce the lattice
structuredor arange of potential applicationslext section will provide reviewsn the

additive manufacturing technology in details

2.3. Additive manufacturing technology (AM)

AM technology is considered last innovation of the manufacturing processes that human
have reached until now. In 1986, 3D system company produced the first AM process,
which is the Stereolithography (SLA) process. After that, the AMnelogy has rapidly
developed by many companies to become a large famuitych consists of many
techniques. Rapid manufacturing can be categorized into different groups based on the
material type (polymers, metal, ceramplastic, etg, the principle ofthe operations
(extrusion, jetting, deposition, etc.) and material form (liquid, solid, and powder)
according toMasood[108]. The most common AM processes, which are widely used

today:

Stereolithography (SLA)

Fused Deposition Modelling (FDM)
SelectivelLaser Sintering (SLS)

Selective Laser Melting (SLM)

Electron Beam Melting (EBM)

Laser Engineered Net Shaping (LENS)
Direct Metal Deposition (DMD)
Ultrasonic Additive Manufacturing (UAM)
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It is worth mentioning that a broad range of applications have watilidd processes

today, because of its unique characteristics, which expands between biomedical,
aerospace, automobile, prototyping model, customer demands, entertainment, and repair
and reconstruction parépplications. In addition, the main advantagesdratacteristics

of the AM processes are an ability to produce the part with complex geometry which is

impossible to manufacture it by conventional production methods.



Also, reduction in the lead time of production, lower cost of the products becasse it i

digitally driven and easy to modify and change, and high precision process with fine
resolution to 25um are other benefits of AM ¢aniqueq11] and [1®] .Principally, the

work concept of the AM processes is mostly similar in all the techniques. Fig 2. 4
illustrates the sequential steps of the rapid manufacturing processes.

Figure 2.4, procedures of the AM processes

In last decade, the need for the yullense metallic components with complex internal
featureshave ledto developnent of some of theAM techniqies that can be used to
procesghe metal materla. SLM, EBM, LENS, DMD, EBF3, and UAM are the main
systems that have been mainly used to produce metal parts today2Tadilews the
comparison between the properties and characteristic of metal processed AM techniques.



Table 2.1, additive manufacturing processes for metals

1 Selective Lasel 0.2-0.4 0.02i 0.1 Steel, CeCr, boronzebased alloy, Laser
Melting (SLM) Inconet718, stainless  &él,
Ti6Al4V, copper, Alalloy

2 Electron Beam 4 0.0571 0.1 Ti6Al4V, H13 tool steel, Ca&r, E- beam
Melting (EBM) Ti-Ni alloy, pure copper, 31l

stainless steel

3 Leaser Engineerin¢ 1.1 0.38 Ti6Al4V, Inconek625 and 718, Laser
Net Shapel(ENS) 316 staingss steel, H13 tool stee
4 Direct Metal 1 0.17 1.6 H13 tool steel Laser

Deposition DMD)

5 Electron Beam 42 2 Ti6Al4V, 2219 Al-alloy Electron
Freeform Fabricatior beam gun
(EBF)

6 Ultrasonic Additive -- 0.5-2 Various matgals Ultrasonic
Manufacturing actuation
(UAM)

In terms of produce metallic lattice structures by additive manufacturing processes, many
researchebtave beerdoneto examine the ability of metalSM processes tdabricate
cellular structures with desirable mechanical praegr Electron beam melting (EBM)
process has received extensive researches in producing porous structures, especially for
biomedical applicationParthasarathgt al.[19] studied the ability oEBM technique to
fabricate functionally graded cellular structures for-tiedical uses. They have found

that EBM was able to make porous structures with suitable density. Furthekfoorieh

et a[20] andHerrdndez Navaet al.[21] investigate the size effects of stochastic foams

of Ti6Al4V manufactured by EBM in compression response. They have found that
changing the manufacturing parameters signifigaaftect the mechanical characteristics

of the various porous structures forms. On the other hand, Laser Engineering Net Shape
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(LENS) process has been employed by a number of research studies to evaluate the
capability of the process in manufacturingitststructures for biomedical applications.

It is stated that the LENS is capable to produce metallic part with various relative density
for implant uses. Also, they add that the LENS techniques is able to fabricate porous
structures from composite matérgand also in a functionally graded mannBala et al.

[22] andDaset al.[23]).

Selective laser meltinSLM) processes are widely used in studying and developing the
metalslattice structures for dirent fields of applicationslhe nextsection will show

the SLM processn details from background information, the principle of the process,

properties and characteristics, and the applications.

1.4.2. Selective Laser Melting Technology (SLM)

SLM is one of tle most important meta#lM processes that has been developed for
producing fuly dense parts with mechaniadlaracteristicsimilar to the basic material

SLM processvasdeveloped and magked by SLM solutions compangermany in 2000
[108]. In general, BM process is a powder bed system that uses fibre laser beam to
selectively melt and fuse the metallic powder on the substrateshielded chamber to
create thepart layer by layer until the whole metal part is complete. Since the SLM
process has beaommercially available, many researchers have foctsastudy and
explore the capability of production metal components with intricate geometries without
the need of a particular cutting tool, directly from CAD model data. The principle of SLM
process asve mentioned above is similem other AM technologies. Fig 2.5 illustrates

the schematic ahe SLM process.

11



Inert

P atmosphere

Figure 2.5, schematic of SLM process

Selective Laser Melting has a large number of advantageésharacteristics that have
enabled it to be used in various applications such as aerospace, automotive and
biomedical.Masood [1@] and Aboulkhair[24] pointed out in details the main benefits

of SLM system

almost 100%densiy of part

complex external / internal features can be made
good production quality

high strength similar to the basic material

ability to reuseand recycle the powder

infiltration and post heat treatment not required

N o g ks~ wDdPRE

wide range of material can be processed

Nowadays, SLM processes have begmificantlyused in production and exploration of
lattice structures, porous solids, and scaffold strestudue to its distinctive
characteristics as shown aboMat only that, the use of SLM has been extended to new
approach of lattice structuresd metallic components like functionally graded material
and structuredNext setionwill theoretically reviewthe concept of FGMs, its types, the
conventional fabrication techniques and influence of AM technology on RGM

fabrication.
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1.4.3. Aluminium alloys and selective laser melting

Aluminium and aluminium alloysire widely used in many applications especially in
agospace, automotive, packaging, food and beverage and building construction
industies and etcdue to the distinctive propertiekightweight (low density) thermal
properties, electciconductivity,high strength to weight rat@endlow recycling costsre

the main advantages of aluminium and its ajiby, 24, 25] It is stated that the Al2Si

Is one of the important aluminiusilicon alloys that is processed by SliMside many
other metallic materials due the factthat the vaation in its temperature between the
melting and solidification is highly convergef®5, 26]

The other importance afsingAl-12Si isits ability to transfer itsmechanical properties
and mcrostructures intawide range of desableproperties for specific requirements by
using heat treatmenechniqgues Many research studies hawveestigatedhe effect of
such heat treenent on the characteristics 8£M - Al-12Siparts Section 2.5 in tis
chapter will provide irdetailthe heat treatment processes of SiLigarts in general and

SLM-Al alloys parts in particular

2.4. Functionally graded material (FGMs)

Functionally graded material is an advanced engineering material that can be
characterizé by spatial gradation in composition or structure, designed for specific
requirements or functiondlechnically, it is not a separate class of the homogenous
materials, but it represents an engineering approaclistha& to modify the chemical
compositon or structural unit cell of the material /and or structure to provide the desirable
propertief27]. Miyamotoet al.[28] have defined #a FGMs as gradednaterialin which

both the composition and structure gradually change over the volume, resulting in
corresponding change in the properties of the mat&i@Ms exist in various materials

in naturesuch as bambgdeeth and bones as shown Fig 2.6. These materials have
naturally designed to be able to withstamdifferent environmental working conditions

that are subjected to them, suchvesar resistance and shock absorpfia®31]. In
engireering application, the first idea of the functionally graded material was introduced
in early 197427, 28, 31] Bever et al[32, 33]have theoretically investigated the graded
structures of polymeric and composite materials and suggested various models of graded

structure to different possible applications.
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However, due to the limitation of manufacturing processes at that time, more
development and investigation on the functionally graded materials had been delayed. In
1980s, the FGMs concept was proposed in Japan aothgosite material, this time the
concept was proposed to reduce the thermal stress concentration at the interface of the
traditional composite material for aerospace applications. The high temperature gradient
between inside and outside the body plarthésmain cause of failure of the traditional
composite materials. The point of failure was found to be at the interface or joint point of
where the two dissimilar materials of the composite were linked. Functionally graded
composite material was developedvercome this issue by gradient interface of the two

materials in traditional composite material as shown in Fig. 2.

cancellous Bone

Articular Cartilage

Graded porosity

Figure 2.6, Schematic of human bone shows the FGBD](a), image of bamboo
structure shows the FG84]

The first comprehensive research progr a
relaxation ofthnetatr mal str ess by t waasstatedindapamda87a d e d
The program was mainly focus on the development of the FGMs, resuftalish the
concept of the FGMworldwid€27, 28] Nowadys, the research and development of the
FGMs has significantly increased due to ability to produce various material with tailored
properties for many fields of applications such as bioengineering, aerospace industries

etc.

Figure 2.7 Schematic shows composite material (a) FGM, (b) traditional laminate[30]
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The interest in FGMs let to increase the number of research studies for various
applications. Annually, the number of the publications on the FGMs oésbas been
increased significantly. Figur28 shows the number of publications provide3sopus
research engine on FGMs subject in the last def&des
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Figure 2.8 Shows he number of publications annu®y on FGMs, as provided by the

search engine of Scopus (as of July 2018} ]

The main concept of the functionally graded material is due to the gradual ¢chahge
chemical composition, microstructure, or the edlistribution over the volume of the

bulk material. This restdin changingheproperties of the material which depend on the
spatial position of the materidkGMs materials are designed in two different ways of
gradual change of the composition,structural desigrwithin the bulk materialFigure

2.9 demonstrates the two methods of the functionally graded material, continuous
material gradients and stepwise material gradients (discontinuous). In continuous graded
material, the composition, porosityr microstructure changes continuously with spatial
position providing smooth change. In contrast, in stepwise graded material, the gradual
change of the composition, porosity, or microstructure occur in stepwise manner resulting

in layer boundaries (int&ce) between the discrete layers in the structure.
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a) b)

Material gradation
Material gradation

Figure 2.9 Schematic of FGM types (a) continuous, (b) discontinuous

1.4.4. Types of the functionally graded material (FGMSs)

The inceptionof the introducing ofhe functionally graded material concept was due to
the problem of thermal stress concentration at the interface of the joint dissimilar
materials in conventional composite materiiis problemresulted in introducing the
graded composite material withraglually changing interfaceof the chemical
composition Since that, the increasing interest in the FGMs has led to produce various
kinds of functionally gradient material3here are different ways of classification the
FGMs based on the nature of gradéeiGenerally, the all types of the FGMs have mainly
determined based on the application requirement such as bone replacement, aerospace,
defence industries et€Cherradiet al[35] andWesse[27]have classified the functionally
graded material based on the processing techniques Whilgheseet al[36] and El-
Wazeryet al.[37] classified the FGMs based on volume fraction, size, orientation and

shape of material gradients as shawirig. 2.10
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Figure 2.10 Types of functionally graded materials (a) Gradient with Fraction (b)
Gradient with Size, (c) Gradient with Orientation, (d) Gradient with Sh4pé, 37]



The one of the comprehensive classification of the FGMs that can be applied whether

FGMsis graded material or graded structure, providesakamoodet al[30]:

1- Chemical Composition Gradient Functionally Gradient Materials
2- Porosity Gradient Functionally Gradient Materials

3- Microstructure Gradient Functionally Gradient Materials

In chemical composition gradient FGMs typlee themical composition of the materials
(chemical elements) are designed to change through the entire negesdadn in Fig..6

As the chemical composition is varied from one material into the other, it will result in
changing of the material propertiggat would help to achieve the intended application,
for which the FGMs is designed fowhile in the porosity gradienEGMs type,the
porosityin the materialis designedo vary with the changen the spatialpositionin the

entire materialresulting inthe requiredpropertiesof FGMs as shown in Fig2.11 The

FGMs with porosity gradation can be designed either by porosity density gradient or pore
size gradient.

The FGMs with microstructure gradient can be created from processing the
microstructure oflie materigl such as solidification process, controlled heat treatment
processwhichwill result in different microsuctures in the bulk material.

However, all types of the FGMs can be designed, manufactured in the form of thin film,
which is applied othe surface of the materials in order to improve the surface properties,
or in the form of bulk material in which the properties change gradually over the volume
of the entire material. It is important to understand the processing techniques of the

FGMs.Next section will brieflyexplainthe main processing techniques of the FGMs.

Figure 2.11 Types of functionally graded materials @emical composition gradient

(b), porosity gradient(c), microstructure &tructural) gradient [30].
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1.4.5. The processing techniques of FGMs

The increased interest in the FGMs due to their distinctive properties has led to a
significant increase in the number of the inventive manufacturing techniques to produce
the FGMs. There are nwarous studies and reviews have been conducted on the
manufacturing part of FGM$28, 30, 31, 3&9]. Basically, these manufacturing
processes can be categorized into two different techniques namely construdtiveg)ou

and transported based techniques (consolidai3®))36, 39] In constructive techniques,
FGMs is made by stacking the starting materials layer by layer selectively unit the layered
component is completedhich provide highly control on compositional gradient. In the
transported based techniques, FGMs is made depending on the natural transport
phenomena of the materials to make the composition, porosity, and microstructure

gradients types of the FGMs thigiuthe manufacturing.

This section will focus on the traditional processing techniques that have been used to
produce different FGMs for range of applications. While, the next section, which is more
related to current research study, will review the usadgitive manufacturing
technologies to create the FGMs. Traditionally, all the processing techniques of FGMs
can be classified into three groyps, 31, 36]

1- Gas state (Vapour Deposition) processes
There are may differentdeposition processes that ased to produce thinfilm FGMs,
which is appliedn the surface of the materiatsimprove the surface properties sash
wear resistance, corrosion resistance, thermal connectivity and electrical connectivity.
These processes such chemical vapour deposition (G¥I))41] physical vapour
deposition (PVD[42], thermal spray proces$é43-45] are most commonly used.

2- Liquid state processes
FGMs has been widgproduced from liquid state of the materia&ntrifugalmethods
or centrifugalcasting processgdY] are the most important processes to create the FGMs
from the liquid state, in addition tother techniques lik8'ape castingSlip casting,
Combustion andGelcasting31]. In centrifugal casting processes, gravity force and

materials densities are the main factors to produce the FGMs by this way.
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For example Watanabeet al. [46], Gao et aJ47] and Prabhu[48] have successfully

employed the centrifugal processesteate FGMs for various applications.

3- Solid state processes

For bulki FGMs type, solid state processes suchoagder metallurgyand spark plasma
sintering (SPS) (sintering techniques) are the most common processes to fabricate the
various types of FGl There are a large number of research studies have been conducted
to investigate the ability of the SPS to fabricate the FGMs, for exargig et a[49],
Pellizzariet al[50] andErikssonet al.[51]. Their results showed that different FGMs for
range of applications were successfully manufactured with tailored properties. On the
other hand, powdemetallurgytechniques are broadly employed to produce the bulk
FGMs for various fields of uses. For instance, Jin §2]landChenglinet al.[53] have

used powdemetallurgyto producemultilayered mullite/Mo andHydroxyapatité Ti of

FGMs for biomaterials applications.

1.4.6. Additive manufacturing technology for FGMs

FGMs is a new class of advanced material that provides gradual change of its properties
over the materlavolume by changing the material composition or structural design.
Manufacturing the FGMs using traditional fabrication techniques, which is explained in
previous section, is successfully done, but there are some limitations and difficulties.
Choy et al8] have done comprehensive review on the manufacturing techniques of the
FGMs. They concluded that FGMs with compositignradient can be achieved using
traditional processing methods, but the FGMs with structural design gradient (porosity)
could be done but with some limitations suchsample geometries, limited design
freedoms, and consequently lack advanced functiortalitgeet the requirementalso,
Bobbio et al.[54] mentioned that the conventional fabrication methods of FGMs like
deposition methods, fusion weld, powaeetallurgy andcentrifugal methodsan only

create the FGMs in short length scale of gradient (lesm)L

Recently, development in additive manufacturing technology has attracted much
attentions of different industry sectors because of the distinctive propamieslditive
manufacturing technology is a process of making component by adding layer ygon la
directly from the CAD digital model and it is opposite to the conventional subtractive

manufacturing processes.
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Fabrication of the FGMs using additive manufacturing processes has received intensive
studies due to their advantages like high controlfeaxible to provide structural design
gradient, porosity gradient and density grad&nd4]. Using additive manufacturing
technologies able to fabricate to two types of FGMs, compadgitiadient and structural

design gradient.

1- FGMs with composition gradient
Sood et al.[55] successfully fabricated the functionally graded3®6 SS and 420 SS
and waferlayeredof AlIBrnz and 420 SSnaterials using laser direct metal deposition
(LDMD) process to investigate thkarmal expansionoefficients. They have found that
the fabricated FGMs and Waftayered materials exhibited lower thermal expansion than
those of the original alloys$Schneideet al.[56] useddirectedenergy depositioprocess
(DED i CLAD) to create the FGM oTi6Al4V-Mo alloy. Five samples of FGM
composition gradient from 0 100 % wt of MO manufactured and their results showed
chemical composition gradient of mixed powders were clear along the deposition
direction. Durejkoal el[57] manufactured the FGM of thin wall tutnéth Fe3AI/SS316L
using laser engineere@trshaping process. Their results revealed that FGM structure was
characterized by continuous and smooth gradation between the both méterl6L
steel and the Fe3Al alloy). Chung et (8] pointed out that selective laser sintering
(SLS) was used to fabricate FGM finonylon 11 filled by nanoparticles of the silica
material in order to increase the mechanical properties in desirable direction of the
componentLaser engineering net shape process (LENS) was utilized by Zhangpt al.
to manufacture thin walls from functionally graded titanium carbide in pure titanium
material. The results of the experimal testsclearly showed the functional gradient
material with high alleviate of discrete interface problem of dissimilar material. Similar
results have been found by Mumtaz ef48] functionally graded Zirconia powder within
the nickel alloy material using SLM process for thermal barrier coating applications.
Also, selective laser melting process was successfully us€drmet al.[60] to fabricate

the FGM ofsilicon matrix composite with various percentagfeAl (wt.%).
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2- FGMs with structural design gradient

FGMs based on structural design can be achieved by density variation (porosity) whether
by control and manipulating the manufacturing parameters or during the designing stage
of CAD model of the strcture. Functionally graded material based on the manipulating
and control the manufacturing properties (laser power, laser speed, hatch spacing) have
been done b¥rdalet al.[61], Li et al.[62] andNiendorfet al.[63], butuncontrollable

the pore shape and size distribution in internal architecture is the main limitation of this
method. Other studig9, 13, 6466] have focused on achieving the functionally graded
structure during the designing stage of the CAD model before 3D printing of the final
physical part using AM technologies instead of manipulating the manufacturing
parametersFor instance,Maskery et al[9, 64] had experimentallyinvestigatedthe
functionally gradedstructures with density change gradually throughout the layers of the
structures with abrupt transfer between theriaicesof the connected layers. Thedy
centredcubic (BCC) unit cellmadeof Al-Si1l0-Mg was used to build the lattice structures

and made byLM, and BCC, BCG, lattice structures made &blyamide PA 220@nd
manufactured by SLS respectively. Similarly, Gnarset al[65] studied the mechanical
characteristics of functionally graded lattice structures made of Ti6Al4V and fabricate by
EBM processthe density waseparately changed in each layer in sequehte porous

size variation of functionally graded scaffolds in st@pe manner for tissue engineering

applications was empirically investigated by Leong €efit&i].

It is clear that theseesearch studief®, 64-66] manufactured the functionally graded
lattice structures with density change at every layer separately and did not provide smooth
density gradient through the continuously variable oftilil strut thickness throughout

the lattice structure layers. Recently, Choy et [4B] studied the compressive
characteristics and property of energy absorption of cubic andyibomb lattice made

of Ti6Al4V and manufactured by SLM process. In their study, designing and
manufacturing of functionally graded lattice structures with smooth density change was
achieved, but it was limited to experimental work.

It is found that limied attention has been paid in investigating the manufacturing the
functionally graded lattice structure with linearly and continuously density change in
lattice solid strut diameter throughout the structure layers using additive manufacturing

technologies|67-69] which is one of the ain aim of this study.
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This study aim to design and manufacture functionally graded lattice structures with
linearly and continuously density change addition, it will provide a n& approach of
density change profile that by constant increasing rate of the density throughout the

structural layers of the components

2.5. Heat treatment of Al — alloys— SLM parts

Heat treatment or post manufacture heat treatment is a combination of djpeIR
applied to the metals and metalli@lloys in the solid state in order to obtain desired
properties and or microstructures for specific applications. Basically, it includes arising
the temperature of metallic component in specific heating ratetamathe temperature

for the period of time and cool down at specific cooling rate. There are different heat
treatment techniques can be employed toi Adlloys such as annealing, hardening,
solution heat treatment, precipitatioartieningetc., whichare mainly depend on the
required purpose of heat treatment like improve the mechanical properbidgy the
microstructure and reduce the residual stressBmerican Society for Testing and
Materials (ASTM) hadn detailsestablished the standard pracfaeheat treatment of Al

- alloys made of casting andraughtunder the codB917/B917Mi 12andB918/B918M

T 1r&spectivelj70, 71]

Recently, usingnetallicadditive manufacturintechnologies, in particular selective laser
melting (SLM) to produce various metallimaterialshas attracted attention a large
number of academic and industries sectors due to its distinct properties. The ability to
produce complex geometry, fully densart, enhance the design flexibility and reduce
the wastage material are the main features of the SLM techndtoggdition, the nature

of SLM process, high heating and cooling rdfie<1® K/s)[15], results in fine
microstucture component and improvirtfje mechanical properties compdr® the
conventional processes are expected.

Although SLM hasmany advantages compared taditional manufacturing methods
limited surface qualitylittle residual porosity residual streses, low ductility ardhe
major drawbacks encountered in the proj@ssr274]. Many researchers have studied
various methods and strategies in order to improvetbperties oSLM-parts such as
different scarstrategy, lasere-melting strategy, manipulating the processing parameters

and heat treatment techniques.
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An investigation and study the effect of heat treatment on SLbArts have been
conducted by many researchers for different purpdsmsexamplegeffect of the heat
treatment on the hardnesisl 7-4PHfabricated by SLM technology has been investigated
[75]. Masood et dl75]studied the effect of the heat treatment process on two different
samples fabricated with different scan strategising SLM and compared witheat
treated wroufgt sample. The results showed that the hardness was improved in heat
treated SLM sampleompared tdheattreatedwrought sampleFor SLM - Tii 6AlT 4V
parts, the influence of heat treatmentmicrostructuréas been studiday Yadroitsev et

al. [76]for medical applications They concl uded t h-gansusheat
temperature let tore-nucleation of the phasesventually produce theequired
microstructure For same material but for other purpodeguderset al. [77] and
Kasperovichet al.[78] have studied th&atigue and crack growth behaur of Tii 6AlT

4V subjected to post manufacturing treatmelttey found that improvement of the
ductility and fatigue resistanaeereachievedcompatible to the wrought TiAl6V.4

On other handyasa and Krutfi74], Shiom et al[79] andRiemer et al[73] investigated
from the effect of heat tré@ent on the816L stainless steel pamsade of SLM on the

microstructures anthtigue crack growtlbehaviour respectively.

Production of Ali basedalloy parts using SLM technology has received intensive
research studies because of their crucial pragselitie low density, wear and corrosion
resistance, weldability, machinability and easy recyclifidie interest of many
researchers in improving the properties of-Atasedalloy parts fabricated by SLM
process, which find their application as engineecmigponents in structural, automotive

and aerospace industfi@8], has significantly increasedlhe investigation of the
influence of heat treatment on the SLMI alloys parts have been done by many
researchers and engineevsrldwide. Table 2.2 shows the summary of the relevant
studies that have been conducted using different thermal treatment techniques to improve

the properties of Alalloys parts fabricated by SLM.

The investigation of theeffect of heat treatmentn the mechanical propertieand
microstructure oAISi-10Mg had beerextensively studiefor instanceAboulkhair et al.
[81]. Kimura et al.[82], Li et al.[83]. The fdigue behaviouandfracture behaviouof
SLM - AlSi-10Mg parts subjected to heat treatment had been investigatathdnylkhair
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et al. [72], Brandl et al.[84]. Similarly, microstructure heterogeneities AlSi-10Mg
lattice strutsand manufactred by SLMwith different orientation angles studied by
Delroisse et al [85]. They found that the heat treatment process improved the

microstructuréhomogenizationbut it let to minor softexdue to eutectic spheroidization.

Table2.2 summary of the relevant publish papers
1 Kang Coddet SLM Al-50Si The samples were heat treat
[86] in air in an electric furnace, ¢
temperatures o800, 350, 400
450, 500, 550 and 600C with
a heating rate o0 °C/min.
The temperature wa
maintained 2h and then the
samples werequenched in
water.

2  Li, Li[83] SLM AISi1l0Mg T6 heat treatment process:
The specimens were solutio
treated at the differer
temperatures ¢f50 °C, 500 °C
and 550 °Cfor 2h, followed by
water quenching After the
sdution heat treatment, one he
of the specimens wer
immediately  subjected t
artificial aging at 180 °C
forl2h and then all the sample
were equallywater quenched
to room temperature.

3  Delroisse, SLM AISil0Mg T6 heat treatment process:

Jacques [85] Heating ta525°for 5h
followed bywater quenching,
andthenatrtificial aging at
165°for 7 h).

4 Karamooz SLM Al-20Si Annealing process:
Ravari, The SLM samples were
Kadkhodaei annealed fo6h at 200 , 300,
[67] and400 °C

5 Prashanth, SLM AlT 12Si Annealing process:
Scudino [15] Heat treatment of the tensile

bars was carried out under
Argon atmospherefor 6h at
different temperature00,
300, 350, 400 and 450 °C
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Aboulkhair,
Tuck [87]

Suryawanshi,
Prashanth
[88]
Trevisan,
Calignano [89]

Wang, Li [90]

Aboulkhair,
Maskery [72]

Li, Wang [91]

Kimura and
Nakamoto [82]
[92]

SLM

SLM

SLM

SLM

SLM

SLM

SLM

SLM

AISi10Mg

Al-12Si

AlSi10Mg

Al-Zn-Mg-Cu

AlSi10Mg

Al-12Si

AISi7Mg0.3

Al-50Si

T6 heat treatment process:
The samples were heat treate
in the following sequence:
(1) SHT at520 Cfor 1, 2,
3, and 4 hours,
(2) water quenching and
(3) artificial aging at 160
C for 6, 8, 10, and 12 hours
followed byair cooling.
Annealing treatment:
SLM samples were heat
treated aB00 °Cfor 6h.
T6 treatment process:
solution treatment &25 °C
for 6h, followed byquenching
andageingat 165 °Cfor 7 h.

T6 treatment process:

The samples were solution
treated a743 K for 1h, water
quenched and

Then subjected taging at 393
K for 24 hfollowed byair
cooling.

T6 treatment process:

The samples were solution he
treated for 1 h at 520 °C
followed by water quenching
to room temperature and then
aged for 6 h at 160 °C.
Solution heat treatment of
specimens was performed in
air at

500°Cfor up to(0.25, 0.5, 2
and 4 h followed bywater
quenching (important) (NO
effect after 2 hours)

T5 Treatment condition, T6
treatment condition

Solution heat treatment

the sample was heated to 50C
°C for 6 hours.

Improving the mechanical properties and microstructure édiAhaterial fabricated by
SLM technology has les reported by many published studiEgure 2.12 shows the
phase diagram of Abi alloy. Kang et al.investigate the effects of heat treatments on
the microstructure and residual stresSbM- Al-50Si alloy They performed heating in
range 300600 C br 2 hours followed by water quenching. They found that heat at 300

C homogenises the residual stress level without and significant effect on the
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microstructure They added that sample twihigherheatingtemp showed thaverage
values of the residual seg decrease consistent to an increase in the graissizérly,
Jia et al (2017¥tudiedthe mcrostructure and therrhaxpansion behaviour of A0Si
madeby SLM. They pointed out thatoefficient of thermal expansion CTE peak of Al
50Si can be change the wide range using heat treatment process. This is dbe to
precipitation of Si particles frorAl matrix after heat treatment comparedstgersaturate
Siin Al in asbuild material For Al-20Si materialMa et al.[67] conducted study of the
effect of annealing proce&s different condition®n the microstructureend mechanical
properties of A20Si made of SLM. They have found thag Si particles becoe coarser,
and the eutectic Si can lmhange from fibrousto plate shape with increasing heat
treatmentemperatureThis results irsignificantchangen the mechanical properties of
material. They concluded that the yield and ultinstengths decline from 374 and 506
MPato 162 and252 MPa for the abuilt SLM materialand annealedsampleat 673 K

respectivelyWhile, the ductility property was increased from 1.68d%.

4 Temp. [°C]
800 A
700 L
L+Si
600 1 L+a 577°C
1.65% 12.5%
500 - a+Si
400 Si [wt%]
0 10 20 30

Figure 2.12 phase diagram of ALSi alloy material [84]
The influence of various heat tte@ent techniques on the S:M-12Si parts have been
study.Li at al. (2017) study theefinementof eutecticAl-12Sialloy made by SLM using
solution heat treatmeptrocess. They have mentioned that the solution heat treatment was
done by heating the sameglto 500 C for 0.28 hrs followed by water quenching. They
have found that solution heated 22Si sample exhibited high ductility to 25% compared
to asbuild AL-12Si sample. They also added ttia#¢ mechanical properties of thei Al
12Si can be tailoredntough controlling the precipiten and morphologyof the Si
particles bychangingthe soakingtime. Similar results found byrashanth et akQ14)
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but with different heat treatment technique. They conducted annealing processeto rang
of temperature (200 450 C) for 2 hr under Argon atmosphere furnace. They claimed
that thatthe mechanical behaviour of thei ARSimade of SLMcan be altered withia

wide range of strength amtlictility through proper annealing treatme@n other hand,
Siddiqueet al. (D15)studedthe effect of process parameters andpashufacture heat
treatment onthe microstructure and mechanical propertidsAl-12Si Their heat
treatment process was by heating the sampki@d) C f o byl ovew eodlingThey

found that conduatg the heat treatment beside the base plate heating can eliminated the
defects of SLM produced parts such as porosiyd correspondingdf improving the
mechanical propertiesFor other properties Prashanthet al (2014) investigated
tribological and carosion propertieof Al-12Si material fabricated by SLM process.
They have found the wear and corrosion resistance were decreasedtnedtesat Ad

12Si sample compared to-bsild sample. This is due to tiggowth of Si particle sizes

and the loss of enconnectivity between Si particles.

It is worth noting that limited attention has been paidthe investigatiorthe effect of
various heat treatmentechniqueson the mechanical propertiesf the Al Si alloy
material or structures manufactured by Stédhnologyin general, and energy absorption
capability in practical Recently, Maskery et a[93] studied the effect of the heat
treatment process on the compressive deformation modes and energy absorption of
doublegyroid lattice structure made @fl-Si10-Mg and fabricated by SLM technology.
They have mentioned that appliicat of heat treatment process improved the deformation
behaviour of lattice structure by getting rid of the brittle fracture and early strain failure.
Same results found ipervious study for same authi@js which waghe investigation of
mechanical properties and energy absorption of functionally graded (in stepwise manner)
lattice structure made fromAl-Sil0-Mg and fabricated by SLM technologiturther
studies on influence of thdifferent heat treatmenprocesses on energy absorption
capability and compressive properties of more advanced structures madé&oalidy,

in specific AL-12 Si,like functionally graded lattice structures with continues and linear

density gradient are needed du¢heir numerous potential applications.
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2.6. Research and development in lattice structures using AM

technology
Lattice structurehavereceival an extensive attention of many researchers because of
their distinctive properties of combing the lightweight and high stngth.There is a
number of research studies done ushh technologesto manufacture variousittice
structuredo investigateof their performance, optimization parameters, and mechanical
properties
Maskery et al[9] had done experimental work to evaluate the mechanical properties of
lattice structuresf uniform and graded fornBody Centred CubicdBCC) unit cell of AF
Si10-Mg was used to build the lattice structures and made by selective lasegnadio,
they conducted heat treatment for cellular structures to improvedéfe@mation
behaviourandthe capability of energy absorption. The results of this study show that as
built structures exhibited highly brittle failure under compressive ladule collapse
behaviour and capacity of energy absorption improved significantly irttezdiéed lattice
structures. In addition, thepservedhat the same amount of energy was absorbed before
entering the densification regime in both uniform and grdagde structures. Finally,
they concludedhat GibsorAshby equations and coefficients are the basis of design
processesind can be used to estimate the mechanical performance of designed lattice

structures.

Smith et el.[68] havecarried outthe finite element modelling for boebentredcubic

(BCCQC) lattice structure made by $L to predict the compressiveebaviour. Lattice
structures were modelled using two different element types; beam and 3D continuum for
aquasistatic compression test. Thayentioned that experimental teghs performedor
validation of simulation analysis results. Their results heh@wve that compressive
response of lattice structures can be precigedgictusing both beam and 3D continuum
element types in finite element analysis. Also, they have found that the simulation results
werein good agreementith theexperimental resultdloreover, the results have proven

that mechanical properties can be significantly enhanced by altering the unit cell aspect

ratio, whichis by increasg the heidnt and reduimg its width based on build direction.

Choy et al[13]have studied the compressive behaviour of two functionally graded
components which are cubic and honeycomb lattice structures. The TI6GAL4V cellular

structures in graddly and uniformlydensewere successafly fabricatedusing SLM
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technology. Their studghowedthat the SLM technology was able to manufacture
complex design with full density successfully. Furthermore, the resuttseeaésearch
have shown that strestrain curve othe compressive responsé both lattice structures
fluctuated with few peak poistof stresses. The authors have highlighted that the
oscillations of stresstrain curve due to the ductility of material and the gradual
increasing in strut thickness of graded lattice struct#es.result, they concluakthat
improving the capability of energy absorption as well as minimizing the used material

can be achievedytfunctionally graded componentsade on SLM process

Karamoozet al. [67]had conductedciumericalanalysis to investigate the mechanical
characterises gorousstructures. In this studyebm and solid elements were used for
modelling the lattice structures with variation in strut diameteosder toinvestigate the
influenceof such variation obhe mechanical behaviour. Collapse stress and modulus of
elasticity ofthebulk material and cellular structures were obtained from compression test
of samples made by fused modelling deposigperimentally Their results shoedthat

the using beam element in lattice structures modelling was better effiegautding
computational time, while the stresgain curve was higher than solid elements due to
an inability of beam elements to detect the impact of material concentratog #he
variations in pillars diameters. However, the solid elements were more precisely and
lower compressive stres$rain curve than beam elements even with cgele.
Consequently, thegoncluded that accuracy and computational time/costhar&ey
factors in makinghedecision on which type of elements could be usedadelling the

structures

Mousanezhad et al[94]have studied the influencef cell wall materialon impact
resistance and capability of energy absorption of hexagonal honeycombs. SHtky u
numerical analysis to examine the regular and gradient honeycomb structures under two
types of loads; constankelocity loading and impact loading. Their results sadwhat

the cell wall material in uniform honeycomb has affected on the deformati@viber

that by delay the deformation under dynamic loading unit the certain crush velocity before
entering the plasticity range. Also, under the impact loading regular structures
exhibited that by increase the cell wall material hardening lead txedtie ability of
structures to achieve maximum crushing strain with increase the impact energy. On the
other hand, graded honeycomb structures showed a distinct deformation behaviour due

to gradually increasing in material distributioompared to the ufiorm one
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Maskery et & [64] have investigated the impact resistance, capability of energy
absorption andcompressiveproperties oflattice structures made b$LS In their
investigation two lattice structures were use@® and BCCz in uniform and graded

form. Polyamide PA 2200 was used as reference material to build the lattice structures.
In this study, compression test was conducted to examine the mechanical behaviour of
lattice strctures in different directionddr determenthie mechanical anisotropy) of the
structures. They have found that the graded cellular structures exhibit apparent behaviour
with the sequentially collapse of lattice layers until full densification. Furtheemibey
mentioned that the capability of energy absorption @CBgraded lattice structure was
approximately 114% per unit voluntegherthan uniform lattice struares before full

densification occurs.

Woeszet al [95] had studied to what extent the apparent density and microarchitecture
of cellular solidsaffect its mechanical propertieSLStechnology was chosen to fabricate

of Polyamide cellular structures. It is stdthat five types of cellular structures Gibsion
Ashby (GA), Simple Cubic (SG)Translate Simple Cubic (tscBody-CentredCubic

(bco), and Reinforced Body Centred Cuhibdc)were modelled using CAD ProEngineer
software, and compression testere performedto inspect the structuresheresults of

the study shoed that mechanical characteristics (stiffness, strengthcapability of
energy absorption) dhe structures with constanblume fractioncan be influenag by
changing the internal architecture of structures. In addition, strength and stiffness has a
proportional relationship and are significantly affected by varying the apparent density as

well as mcroarchitecture of structures.

Labeasand Sunaric[96] had performed an experimental and analytical stugyedict
the response of metallic open cellulatructures under compressileads. They
conducted linear static, buckling and rForear analysis. Three forms of ep cellular
structures (bcc,de,z and fbcc,z) were used, and manufactured from &amSteel 3116

by SLM technique. Their results shedthat plasticity material mode and understanding
the behaviour of geometrical ndinearity should be considered study the failure
process irthe finite element analysis. Also, it statéhat unit cell size, shape and ssut
aspect ratio play a significant role time mechanical behaviour of metallic open cellular
structures. Lastly, bcc,z and f2bcc,z exhibit a dedtbehaviour with high stiffness and

buckling load comp@dwith bcc unit cell form.
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Sing et al [97] have investigatedihensional and mechanical characteristics of lattice
structures using an experimental work. They used square pyramid and truncated cube and
octahedron as unit cell form to buitdit the cellular structures and then aieaby SLM
process. In this study, uaikial compression test was conducted to examine the
mechanical response, while the Analysis of Variance (ANOVA) was usititoutto

what exten the design and manufacturing parameters raveffect on dimensional
accuracy and mechanical behavioupofousstructures. Thejound that manufacturing
parameterglaserpower, scan speeeétc.)have aconsiderablesffect onthe dimensions
accuracy ofstructure strutsbut have no influence on the compressive strengtheof
lattice structures. On the other hand, design parameters (unit cell form, geometrical
construction and struts aspect ratio/diameter) lmvessential impact omechanical

propertiesof lattice structures under the compressive loads.

TancogneDejean & al. [69]had investigated the mechanical responsesusthtic and
dynamic loads othe metallic lattice structures made ByM processAn experimental

study andnumericalanalysis were executed to explore the compression response and
energy absorption of octet truss cellular structures. They concludghnéhadbmpression
response of lattice structures with relative density higher than 30% becomes a stable.
They also added that specific energy absorption increases by increasing the relative
density. In addition, the geometry of struts hasgaificant effe¢ on the stresstrain

response of metallic lattice structures.

Hedayatiand Sadighi[12] had studied the elastand postyield response of open cell
porous structures made @&LM under compression forces. They used rhombic
dodecahedron unit cell to form the lattice structure. In addition, it is stated that numerical
modelling was executed to explore the propertigh® porous structures in point after
yielding behaviour using ANSYS software. They have found that variation in the struts
thickness in FEA has a significant effect by reducing the elastic and densification strain
comparing to experimental test data. thermore, smoothly strain stress curve was
observedetween irregular struts structure of numerical analysis and experiment work in
yield and densification points. Consequently, they condubat a numerical analysis
using beam elements types in modgliregular thickness of lattice structure provides

convergent results with experimental results.
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Zhong and Li[98] done the simulation analysis to analyse the mechanical proarties

the deformation responsé lattice structures with five different unit cell usidAgNSYS
software. These unit cells azdge structur&S vertex structur®'S, facecentrestructure

FCS interconnect vertex structulé¢S and cross faceentrestructue CFCS The finite
element analysis (FEApsultsindicatedthat lattice structure build @&dge structurenit

cell exhibitedoptimal performanceompared to other lattice structures when subjected
to stress, bend and twist loads. In addition, they cdeduhatfunctional and bearing
efficiencydataof lattice structures obtained from FEA study can be used to design various

lattice structures.

Yan et al. [99] had done the investigatioof the manufacturability andnechanical
performance of advanceellular lattice structuramade ofstainless steelndfabricated

by SLM. The gyroidunit cell was used to comstt thecellular lattice structures with a
variedrange ofrelative densitieand designed withlifferent orientationsThey found

that SEM, OM and CT scan observations of fabricgtgdid lattice structuregxhibited

a goodagreement with th€AD models Also, these observations revealed tihatsolid
struts of the SLMfabricatedstructuresverein rough surface antheir dimensions were
slightly higher than th€ AD models The results of this study revealed that tjyeoid
lattice structures with vedal and °0 exhibited higher mechanical performance
comparable to the normgyroid lattice structures. They also pointed out that increase the
compressive mechanical properties was tied with increase the relative density of the

lattice structures.

Van-Grunsven et al[65] had experimentally studied the abilityedéctron beam miting

EBM technique tdabricateregular diamond latticstructure withporositygradient from
Ti6Al4V material They reported that achieving the porosity gradient vilashangethe

strut cross section thickneisseach layer throughout the structure lay@&tey found that
SEM and microCT analysisrevealedthe ability of EBM to produce periodic lattice
structure with graded porosityell, although smaller struhicknessof the fabricated
lattice foundthicker than th&€€CAD modelone Mechanicaperformancef thefabricated
lattice structure under theni-axial compressiotests cledy showedits behaviour under

compressionvas tiedalong the direction of gradam.
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Maskery et al[93] studied the deformation modes and energy absorption capability of
uniformdouble gyroid latticewvith range of different unit cell sizes madefd$Sil0-Mg

and fabricated by SLM process. They conductegts manufacturédeat treatmerfor

the fabricated lattice structures to study the effect of heat treatment on the compressive
deformation modes. Thellave mentioned that the findings of this study divide to
following key results. First, the unit cell size has a signifieg#tfecton thecompressive
properties of lattice structure that smaller unit cell provides high mechanical properties.
Second, using heat treatment process can successfully getting rid-&hosst brittle

failure of AlSi 10Mg lattice structure Third, the energy absorption calculation
demonstrated that douldgroid lattice structure absorbed energy three times higher than

BCC lattice structure under the compressive loads

Delroisse et al[85] investigated thenicrostructure heterogeneitieAl-Sil0-Mg lattice
structures with different struts orientations manufactured by SLM techragustsown in
Fig. 2.12 The fabricated lattice structures, inclined and normal were subjected to the heat

treatment.

() sy ® bem

L

Figure 2.13 Schematioof lattice struts(a) the vertical, (b) the inclined [85]

—~

They ponted out that the strut build direction plays an important role on the
microstructure heterogeneitied the lattice structures. Lattice structures with vertical
struts orientatiorpresent a fully dense homogenous microstructuth compared to
includedstrutsi lattice structuresThey also added that large amount of porosity was
found in bottom part compared to top part of the inclined struts. The concluded that
conducting the T6 heat treatment let to improve the microstructure homogenization, but

alsolet to increase thsofteningon the expense the hardness.

33



2.7. Summary

Functionally graded latticstructure, or material ia new class of advanced engineering
material that provides promising solutions to the problems and limitations of the
traditional engneering materialdor a wide range of applicationg here arenumerous
works that have been done in studying and investigation the cellular structure and
functionally graded material. As has been established fi@mature review, many
limitations wereied with traditional manufacturing techniques. Development of additive
manufacturing technology has offerad answeifor the most of the problems of the
traditional manufacturing processes.

Literature review has shown that using additive manufactuengniques to produce
such materials and structures have been reported by many reseachetly Although
there are many studies investigng the different aspects of lattjizaffold and cellular
structure,little can be found oriunctionally gradedprofile especially with continuous
and linear density gradientlost of the studies wereoncernedwith the formation of
lattice structuresrdém various metallic allojike 316L stainless steel, Ti6GAI4\AI-Si10-

Mg, polymer material like PLA, ABSnd polymide. Little attention has been paid using
Al-Si alloy especially Al2Si. Investigations of mechanical properties and
microstructures of SLMAl alloy showed that various heat treatment processes could turn
of the microstructure and thus mechanical progeito SLMAI alloy to the range of
required characteristicsTherefore, the response of the SLMAI-12Si material to
solution heat treatments T6 requires investigafidre effect of a heat treatment such as
T6 (solution heat treatment and ageing) anvarious mechanical properties and energy

absorption capability of SU-AL-12Si has not yet been fulstudied.

Published studies investigating the mechanical properties of energy absorption capability
of SLM- lattice structures focussed on either conihgcexperimental work such as
compression, tensile, impact tests or the numerical simulation study. Assessment of
compressive mechanical properties of SLMttice structures usinghe combing

approach of experimental and finite element analysis is tjmited.
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The researchgaps that have been highlighted from the literature review:

1-

The evolution of the SLNdrocessed\l-12Si microstructureue toheat treatment
(T6) requires investigatiom understanihg the mechanical behaviour as well as
the respnse of SLMi Al-12Si lattice structures to the heat treatments.
Modelling functionally graded density lattice structumegh continuous and
linear gradient throughout the structural layers has nobgenstudied, needs
more attention.

Using F2CCZ unitcell in the construction & 3D periodic lattice structure,
especiallythe new approach of functionally graded lattice structures, and its
mechantal performance need to be studied

Assessing the compressive mechanical properties and energy absorption
capaltity of functionally graded lattice structure usirbe experimental and

simulationapproachegseed to be developed acdmpared

35



Chapter 3
METHODOLOGY

3.1. Overview

This chapter includes descriptions of all materials, equipment and the procedures used to
conductthis research study. It provides comprehensive information begin from the unit
cell selection of lattice structure and to the end of the manufacturing process.Figure
illustrates themethodology of the current study.

_
-
_
-
_
v
_
-
_
-
_
-
-

Figure 3.1 flow chart of methodology of theurrent study
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3.2. Selection of unit cell form of the lattice structure

There are many different types of unit saiif architecturaform that have been used in

the design and fabrication tHgD- periodic lattice structures for various fields of
applications. For example, body centered cubic (BCC) and face centered cubic (FCC)
unit cellsare commonly used in modellirige lattice structures for AM technolog}®,

64, 68] These types of unit cells can be strengthened by combining them or by adding
more strutsand rodsin various directionsFigure 3.2 shows different unit cells (FCC,
FCCG, RCC, RCCz, BCC, BCG, RBCC and EBCCz) (Ahmedet al.2015) andRehme

et al. [100]). They had investigated the compressive progeréind failure modes of
cellular structures built from different types of unit cells. Ahraedl.(2015) pointed out

that the F2BCCz exhibited the best performing under the compressive loads due to its
higher relative density and lower porous compareather unit cells. Also, it is pointed

out that F2BCCZ unit cells took the longest time to get manufactured due to the increase
of their relative density. 't is clear f
could not be preferred for energy abdanp applications, although Gts hi gher
compressive propertied.hey added that F2CCz and F2BCC could be considered for
applications that required combination of the lightweight and high strength.

Rehme et al[100] conducted comprehensive study to investigate the mechanical
properties and energy absorption of gas unit cell forms thatre used in AM
technology lattice structures. They conclutlthat F2CCz unit cell exhibited best yield
strengthi to- relative densitycomparedvith other unit cell forms.

However, sincdightweight and high strength tielattice structure are the key objectives

of this research studsherefore F2CCzunit cellform will be used to construtte lattice
structur es barsdk dR danvest@diansn drdedo gainthe combination

of lightweight and high strength.
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Unit cell name Unit cell schematic CAD model of Unit cell

FCC

F2CC

FCCz

F2CCz

F2BCC

F2BCCz

BCC PN T

BCCz

XA VPREELRY

s 7, 10d Face-centered-rods . Body-centered-rods

Figure 3.2 schematic ofdifferent unit cell forms of lattice structures
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3.3. Aluminium-silicon alloy powder (Al-12Si)

Aluminium-Silicon Alloy (Al-12Si) was used in this study to manufacture the designed
lattice structureson ProX DMP 200selective laser melting machin€he particle size
distributions of the AISiL2 powder was (~ 40 um) ansuppled by 3D Systens
Company. The properties of the fabricated material determimad tensile tests that

were done usingog bondensile tesspecimens and compared to other studies

3.4. Design of the lattice structure

ComputerAided Design systems (CAD software) have been widely used in designing
and modelling components with variety in geometric complexity. Today, thereaarg
different CAD systems available in the markets such as SOLIDWORKSJA, PTC

Creo. In this project, PTC Creo. Parametric 3.0 was chosen to model the lattice structures
because it has a large number of parametric feature modelling tools that mdé&sigime
process much easier and faster. In addition, it provides the designers ability to calculate
the physical propertiggiensity, volumepf designed part and a wide range of file format

like STL with fast converting process. However, two differentidatstructures were
designed in this study which are uniform andctionally gradedlattice strucures as

well as dogbone tensile test and cubical microstructw@&sples.

3.4.1. Uniform lattice structures

The uniform lattice structures composed of Priodic unit cells of F2CCz with
dimensions (5x5x5 mmkig 3.3aillustrates the CAD model of the F2CCz unit cell with
its dimensions. The F2CCz unit cell has 12 struts with cylindrical cross sectiomp four
thevertical direction Zand eightas doubldacediagonals in thX-Z andY -Z plane(two

at each face). The diameter of the cylindrical struts in the uniform lat{@2.5um).
After that, the pattern feature was applied to replicate the cordpletie cell in three
directions(X, Y, Z) to buildthe whole uniform lattice structure in (30x30x30 mm) that

meanghe structure will contaisix-unit cell in each directiomas showrnn Fig. 3.3b.
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Figure 3.3 CAD model of (a) F2CCz unit cell, (b) uniform tdce structure

3.4.2. Functionally graded lattice structures

Functionally graded lattice structure is characterized by spatial gradation in solid material
and porosity. Functionally graded lattice structures designed with material density
increase gradually andontinuously from top to bottom layers throughout the six
structural layers. Technically, it is very complex architectural geometry since we attempt
to compare the two different lattice structures based on the equal relative density.
However, it has sixalyers of cells, and each layer has certain density in which the density
increase continuously and linearly at%0Qrate in sequencelhis was achieved by
designing cell struts diameters varying fr880- 500, 500 - 545 545- 735, 735- 834,

8341 1082.5 and D82.5- 1270um for six structural layers respectively. The cell struts
diameters were changed in one direction (build direction) with linear and continuous
change, thus resulting in smooth density change at the boundaries of the lattice structure
layers. Figure 34 shows the CAD model of the graded lattice structure with its

dimensions
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Figure 3.4 CAD model of graded lattice structures

3.5. Design of tensile test and microstructure specimens

The four dogbone tensile testspecimenshave been designed according ASTM
standard under the code8 / E8 M 1 , ib &ldch tal ledgth, gauge length and
width at centreare 80.96, 25.4 and 5.72 mm respectively. The main purpose of design
and manufacturing thensile test specimens is to get on the material properties and for
investigation the effect adolutionheat treatment process on the mechanical properties.
In addition, two microstructures speciméhg1.5x1.5 mmhave been modelled to study

the microstrature of the material before and after the conducting heat treatment process.

Figure 35 shows the CAD models of tensile test and microstructures specimens.

/// .
N .
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Figure 3.5 CAD models of (a) tensile testnd (b) microstructure specimens
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3.6. Converting process of CAD model

The process of converting the final digital model to the STL file meeessaryo ensure
that the CAD model has been correctly designed and there is no errors with modelling
process. In adton, STL file extension is important to read CAD data by the additive

manufacturing machines likeroX DMP 200 selective laser melting machine
3.7. Manufacturing process

The 12 samplesof (30x 30x 30 mmylesigned lattice structurefour dogbonetensile

tes specimens, and two (1X8x1.5 mm) cubical microstructurespecimenswere
manufactured using SLM technology on a P200 3D system machine, as shown in
Fig 3.6. This SLM machine is installed on the ground level of AMDC building in
Swinburne University Hawthorn camps. It has been commonly used in manufacturing
metal components from the wide range of metal alloy powders like ISIi6AL4V ,
and17- 4 PH However, after STL file was transferred to the SLM machine software, the
process of slicing of CADnodel was done with layer thickness of 40 um, and thus

contained 726 layers for one structure.

After the slicing process and arrangement process of samples on the platform had been
done, the manufacturing parameters were set up as shown in thblei@ 37 shows the
fabricatedSLM specimenson the machine platebefore the wire cut procesgor
clarification, all samples were fabricated in same build dired@edirection)to avoid

the build direction effect.

Table 3.1 manufacturing parameters

SLM parameters values

Laser type Nd:YAG lase (1070 nm)
Laser power 285 W

Laser scan speed 2500 mm &

Laser hatch spacing 100 pm

Powder deposition thickness 40 pum

Chamber gas Argon
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Figure 3.7 fabricated samplesn themachineplatform before wire cutprocess.
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3.8. EDM wire cutting process

The EDM wire cuttig process was conductedrefully to separate the completely
fabricated lattice structures, tensile test and microstructure samples from the machine
platform, because the lattice structures are very delicate andstimrelbe no damage

to the structuresCherefore, wire cutting process was done on FANUC robcut alpha OC
at ATLAS tooling company. Fig 8.shows the EDM machine, and the cutting process
parametersllustrate in table 2. Fig 39 demonstrates all sample after EDM augti

process.

Table 3.2 Wire cut parameters

EDM process parameters

Dielectric fluid Dionising water

Flushing type Water flushing

Pulse on time 8 us

Wire feed 8 mm/min

Tool material brass

Tool shape Wire (0.25 mm) diameter
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Figure 3.8 FANUC ROBCUT ALPHA OC wire cutting machine
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Figure 3.9 fabricated lattice structure, tensile test and microstructiggecimens
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Chapter 4
MECHANI CAL AND ENERGY ABSORPTION
CHARACTERISTICS OF THE LATTICE STRUCTURE

4.1. Overview

In this chapter, typical deformation modes of the lattice structures and Gibson and
Ashbyd equations are illustrated ghetail In addition calculation of thecompessive
meclanical propertieg y o u mapdlus, yield strength and onset densification sfrain
andthe energy absorption property the lattice structurebas beemxplained

4.2. Deformation modes of lattice structures

Therehave been &arge number of studies and resdess conducted to investigate and
describe the mechanical properties and deformation behaviour of the cellular structures.
The most important research work is that performed by Gibson and Ashbgr
studying and defining the deformation behaviour and mechanical properties of the porous
solids structures. They have developgderies of equations @h can explain the
deformationbehaviourof the cellular structuresnder the compressive loads given in
equations (1), (2) and (®) current studyBasically,thesethreeequationgepresent the
elastic region, plateau region and densification regaspectivelyas shown irFig 4.1.

In addition, the 1SO standard has comprehensively described medhaoiparties of
cellular solids under the cod&O 13314:2011 In this study, it is defineds the
mechanical and energy absorptidraracteristichasedon the previous studies and ISO

standards. Table 4.1 shows the meaning of the symbols in equations (1), (2) and (3).

Wherethe constarstC;, Cs and| are given in range of value 0i14.0, 0.25 0.35 and

1.47 2.0 respectively. While, theandm areconstantand tleir values are ~ 2 and ~ 3/2.

46



It is clear from Fig 4.1 (a) and (b) that tbieucturaldeformation of the cellulastructure
under the compressive loads exhibits thidesl regmes. The first regime isa linear
elastic region which is charactezed by the elastic modulus of lattice structure as
expressed in equation (Ohe buckling and thdending failure in lattice structure struts
under the compressive loads is the main cause of deformation in this fEggosecond
region of the stresstrain curveis the plateau regimevhich mainly depended on the
material properties that the lattice structisrenade from. Fig 4.1 (a) compressive stress

T strain curve for ductile material shows a long, smooth plateau region, this is due to the
formation of plastichinges in contact points (nodes) of lattice structure struts under the
compressive loads. For the brittle material, Fig 4.1 (b) skolsg fluctuatioras second
region of the stressstrain curve. This can occur due to frecture and flakéormation

in lattice structurestruts The long plateau stress region and its tied energy absogpgon
considered an essential regitrat has mde the cellular structures more desirable for
energy absorption applicatiof&shbyat al.[18], Winter at el[101] and Maskery et al.

[9]. The third regime is densification region, when continued compressive loads will lead
to full compactionof the structure due toontact of thesell strutswith the next celbstruts
causing a considerable rise in lattice stnuetstiffness. This is expressed by equat®)

of Gibson and Ashlf¥]. The value of onset deffisation as the densificatioregion
starts, is considered practical limit to use lattice structure for energy absorption
applications.After this limit of strain, lattice structure wittontinuouslyabsorb the
energy but at the expense of trantimg stresgshroughout the lattice structure. This may
leadto damage (in case of goggsackaging) or harm (in case pérsonal protective

equipment)

(a) (o)

(2) Plateau
(Plastic yielding)

Opliatt
_E-_7\ — h

3) \
Densification !

1 Etant
-2 (1) Linear elastic
(Bending)

(2) Plateau
/ (Brittle crushing) N

Stress Ogep
Stress gy

O criat,

L3

E'tan .
Densification

(1) Linear elastic
(Bending)

€p 1

€ -
0 D 1 0 Strain €jq1¢

Strain €pq¢¢

Figure 4.1 typical schematiof compressive stregsstrain curves of lattice structures

(a) ductile material, (b) brittle materialf1]
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It is apparat from the above details that the relative density of lattice structures is the

most important variables and the key factor in determining the mechanical properties and

deformation behaviour of the lattice structures. Besides, architectural cell foaspect

ratio of the unit cell, distribution of the material and its properties that the structures are

made from, also influence on the mechanical behaviour of the lattice structures. Next

section, it provides how the relative density of lattice structhessbeen calculated in

currentstudy.

Table 4.1 notations used in description of the mechanical properties of lattice

structure

1 Elart
2 Em
3 E
4 5

5 ®

6 "z
7 n 8
8 " 8
9

10 Wv

Young6s modulus of | attice
Young6s modulus of parent
Rel ative young6s modul us ¢

Density of lattice structure

Density of parent material

Relative density of lattice structures, which-s-

Plateau stress of lattice structure
Yield stress of parent material

Onset densification strain of lattice structure

Energy absorption of lattice structure
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4.3. Relative density

It is a ratio of the physical density of the lattice structure as occupied by solidosteuts
the theoretical density of the parent material used in |fttid8]. Equation (4) represents
the relative density formal.

Where:
"* . Relative density
" . Structuredensityof lattice

" . Parent materialensity

3.7.1. Uniform lattice structures
In order to find the volume fraioin (relative density) of the uniform lattice structures, the
physical density of the structures after manufacturing process should be calculated

according thdollowing equation

Where M is the mass of anufactured lattice structure in air, which has been determined
by using a digitakcale (Sartorious with capacity of 250 g) installed on the ground level
of Factory of futurdab atAMDC building, which is (13020g) as shown in Fig. 4.3
While: V is thetotal volume of the lattice structure thads been obtained directly by

multiplying width, height and length of the structure (30*30*30 mm).

So, the density of the uniform lattice structure is

™ p GFA |
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Thus, relative density is calculated based on the equation (4), after the physical density
of the lattice structures has been found from the equation (5), and the parent material
density is (2.7g mr).

The relative densityis — TP W

(a) (b)

1’1\4#1\1>(>1)1D1l10<04 \ p* '
QOOOOOOOOOQO

|4)1)1)4)1>1)1)1D1D1l10(

CRORCRCOORON | .
OROOCOORORTN >

QOOOQOQOOOOO

1>1b1b1i101i401)1b4b4)4

\‘.!MMM\“\“ y

A)isud(q uLIoyru)

Figure 4.3manufactured lattice structuren Sartorious scale devi¢éa) uniform, (b)

graded
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3.7.2. Graded lattice structures

Basically,same concept thatasusel to find physical density and the relative density of
uniform lattice structure appld onthe functionallygraded lattice structure.

Accordingly, from the equation (5), we find the physical density:

™ p CIA |
Where:

139020g: is the mass in air
27 cn¥.  is the total volume

Thus,the relative densityof thefunctionallygraded structureis based on equation (4):

However, the relative density of each layer will be varying gradually froniatdgettom
as shown in Fig 4.4.

(a) (b)

MODDDODDDDA o.055 )
‘\‘\‘\‘\‘\‘\‘\’\‘\‘\‘:& 0.083
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DAL ..
CROOCOOROO .,
!u\» ‘umuuu 0.186
0@0@ o

Y A 0.279

Layers :

UOT)IIIIP SUISLIIIUT AJISUI(

<
<€

¢

Figure 4.4(a) manufactured lattice structure,fy CAD model of the structure

1. Relative densiy of each layerin functionally graded lattice structure

To illustratethe new approach of designifignctionally gradedlattice structuresvith
gradualy increasingdensitythroughout the six layersom the top to the bottom the
relative densityvolumefraction)of each layer wadeterminedo ensure that thgradient
density increaseat aconstant ratef 50% in sequences it signed in designing stages

Equation (6) represents the formal.
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In order to solve the above equation, we need to fincphiysicaldensity of the each
layer”  separatelyThe next equation (7) provides tioemal of calculation the physical
density ofeachlayer.

Where 0 and @ are the mass in air of the layer afie total volume of layer
(30%30%5 mm), respectively.

Thus, Miaycan be determine by using equation (8).

Or - =" X6

Where” , - and6 are the density of parent material, mass of the layer and the
volumeof solid struts in layer thatan be calglated directly from CAD modein Creo

Parametric softwareespectively.

Where:
17 " : Relative density of layer
| : Density of the one layer
| : Density of parent material
T - : Mass of layer
1T 6 : Volume of solid struts in layer (CAD model)
1T 6 : Total volume of the laygl30x30x5 mm)
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Figure 4.5(A) volume of thesolid struts in layer, (B)Yotal volume ofwholelayer

Table 4.2 relative densities of the six layers of the graded lattice structure

Layer one 0.2481085 0.669893 0.148865

////

Layer two 0.37216275 1.004839 0.223298 0.083

Layer three  0.55824412¢t 1.507259 0.334946 0.124

Layer four 0.83736618¢ 2.260889 0.50242 0.186
Layer five 1.256049281 3.391333 0.75363 0.279
Layer six 1.88407392Z 5.087 1.130444 0.419

Where: "m.2.7g/cm® 6 :4.5cnm
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4.4. Compressive mechanical properties

441. Youngob6s (@e)dul us

It can be defing asaratio between stress over the strain at the elastic region in which the
material is deformed under stress that is linearly @rtagmalto strain, and usually before

the yield point or when material starting deform permanehity4.6 shows compressive

stress strain curve of a cellular lattice structure.

4.4.2. Plateau stress

It is anaverage value of stgses that should be taken(20%- 30%) or (20%- 40%) of
strain during the compressive loading tastording to (ISGcode13314:2011). While,
Olurinet al.[102] state that plateau stress is supposed to be talkeresages compressive
stress at (5%30%) of compressive strain as showrkig 4.6.

4.4.3. Onset densification strain (end of the plateau region)

Many different ways can be considered in determining the value of the onset densification
strain. As an exampleSD standard under the cod8814:2011), has determined that

onset densification strain could be taken as a point on compressive stress strain curve

at 1.3 times of plateau stress. Whereas, Olurin ¢1@2] claim that onset densification

strain shall be taken as point that equal to the twice value of determined plateau stress as

shown in Fig 4.6.

g
O pl. latt
apl. latt

10 % 20 % 30 % Onsets, €%
Figure 4.6 plateau stress, plateaend stress and onset densification strain on typical

compressive stress strain curve of cellular structure.
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4.5. Energy absorption characteristic

It is one ofthe importanproperties of lattice structures or foam structures that has made
them more attractevin packaging and personal protection applications. There has been a
large number of researches conducted in defining and investigation the energy absorption
property of lattice structuse Generally, the lattice structures absorb energy during the
deformation under compressidoads, which can be expressed as the area under the curve
of stressstrain(Gibson and Ashi{] and 1ISO standard.03]. Fig 4.7 illustrates the area
under the curves that determine the energy absorptmabdiy of the lattice structure.

In order to calculate the area under the curve, the equation (9) is used to find the energy
absorption property.

Wv

0 10 % 20 % 30 % Onsets, ¢%

Figure 4.7 typical compressive iss strain curve of cellular structure.
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Chapter 5
METHODOLOGY AND FINITE ELEMENT ANALYSIS

5.1. Overview

This chapter provides comprehensive information related to the experiment work and
finite element analysis FEA that have been executed after the samples welactnaed
for getting the main objectives of this study. The experimental measurements will be

illustrated andexperimentatests, as well as numerical analysis models.

5.2. Experimental measurements

5.2.1. The dimensions and the relative density

The diameters ath thickness of thdabricated solid struts dhe lattice structuresvere
measuredising optical microscope (OMPLYMPUS U-TV1X-2) andDigital Vernier
Caliperwith tolerance 0.01 mmto comparehe fabricated an@AD models of thesolid
struts dimensionsf the lattice structuresAlso, measurement processes provide clear

picture aboutheability of SLM technologyto manufacture suamicro-lattice structures.

The relative densiy of fabricated lattice structuresis considered the most critical
parametemn designingand determininghe mechanical propertiesthielatticestructures.
Therefore, it wasound by dividing the calculated physical density of the manufactured
lattice structurdoy thematerial densitpf Al-12Si(2.7 g cn®).

The calculated physal density of thefabricatedlattice structureds determined by
dividing themass tahetotal volume of the lattice structu(@0x 30x 30 mm)A digital
scaleSartorious with capacity of 250 with tolerance 0.000{figure 5.1)was used to

determine th weight dthe lattice structures in air &ss explained irdetailin sectiod.3.
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Figure 5.10LYMPUS UTV1X-2 optical microscopy

5.2.2. Surface morphology and microstructural study

An optical microscope@M) (OLYMPUS U-TV1X-2) and scanning electron microscopy
(Gemini-ZEISS), which are installed on the basement level of AMDC and ATC buildings

at Swinburne university respectively, were used to investigate and study the surface
morphology and fracture suriese of the solid lattice struts before and after the
deformation processes. Technically, prior to processimget clean was employddr

few minutes to ensure that all loose powder and any other contaminations had been

removed from the solid struts dfd lattice structures.

A microgructure study and investigation has been condwntedibicasamplesasbuild
and heatreated of Al-12Si materigl using Xray diffraction, SEM and Optical
MicroscopeOM (Olympus Bx62) as shown in figure 3.

Figure 5.2 Optical Microscope (Olympus Bx61), (lift), SEM devi¢@emini-ZEISS),
(right).
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It is worthnotingthat specimepreparation process wasplementedo get the samples
ready to the microstructure study, whiinclude the following steps.

1. A cubicalmicrostructuresampleg1x1.5x1.5 mm) abuild and heatreated have
been cut usinglectrical sawto two halveg(1x1.5x0.75 mm)n order to use two
samples for OM an8EM andothertwo samples foKRD as shown idigure 53.

Figure 5.3 Cutting machine with 220QRPM
2. OM and SEM samples were mouniadakeliteusing Buehler device
(SIMPLIMIT 1000) as shown in figure &.

Figure 5.4 Buehler devicqglift), mounted samples (right)

3. After cutting and mounting processeéise grinding processes have been carried
out through three stages by using three types of grinding papers, starting from 320
grits, 500 gris, and findly 1200 grit, with water at each step. On the other hand,
ethanol solution has been used to clean the samples after any activity, moreover,
some other devices were used such as, dryer and ultrasonic device to achieve the

cleaning processes faster (Figarg).
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Figure 5.5 (A) Grinding machine (B) Ultrasonic device
4. Then,polishingofthe specimens have been done by using ultra polishing machine
through three steps started with 6 um, 3 pm, and eventualhy. Moreover, the
polishing time at each specimen took 30 minutes with continuous using of
Microid Diamond Compound, ethanol solution, and ultrasonic device in order to
achieve the premium smooth surface with 1um surface finish (Figéixe

Figure 5.6 (A) Polishing machine with 3 & 6 um, (B) Polishing machine with 1um

5.3. Heat treatment study

A half of the fabricated sampléhree uniform, three functionally graded lattice structure,
two tensile test red one cubial microstructure sample) were used fogat treatment
study. Tke aim of thisstudy is to explore the effect ofsmlution heat treatmen{T6)
proceson the SLM Al-12Simaterial. TheT6 planprocesdor this experimenstudyis

illustrated inFigure5.7.

59



Temp °C 1

Solution

520 °C

Ageing
160 °C

1 hour 6 hours

Figure 5.7 T6 solution heat treatment plan
T6 solution heat treatment incledheatng the samples at 520 °C with soak tiafel hr,
followed by wate quenchindWA) to room temperature. Thetie sample werartificial
ageing heated(AA) at 160 °Cfor 6 hours followed by air coolingAC). The heat
treatment was conducted in anaimosphere using electridaknacewith load capacity
1300°C as shown in figure B.

Figure 5.8 electric furnace with air atmosphere
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5.4. Experimental tests

5.4.1. Compression tests
Series of compression tests weagried oubn fabricatedSLM lattice structures for both
asbuild and heatreated structureQuaststaticcompression tests were conductesing
MTS Criterion model 43 universal testing machine with B8 capacityas shown in
figure 510. During thetests, the fabricated lattice structures weeatrally located
between twaross heads movement. The deformaspeedvasl mm/mindownwardly
which resilting in strain rate 5.5 x 10s* asshown in kg 5.9. The compression test was
conducted following the ASTM standard 9. The compressive strain data was
collected fromlinear displacement that were providey usingan extensometerwhile
the applied loads were used to obtain the compressive databy dividing thecollected
loadsto the effective area of the lattice structure. Moreover, 50 frames/ secoadena
was employed during allhe compressive dsts in order to capture and record all
deformation stages ddbricated lattice structures.

(@

Movable plate

UOTJORII(] PEOT

Fix plate

Figure 5.9 Compression test set up of lattice structu@g uniform, (B) graded

Figure 5.10 MTS Criterion model 43 mechanical testing machine
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5.4.2. Tensile tests

The four of manufactured ddgpne tensile test specimens, twebadd and two heat
treated were used tamplementthe tensile test Fig 511 shows the ASTM stadard

E 8 / E 8 M tensileteSsample with SLMbuild direction[104]. Un-axial tensile tests
were conductedising MTS Criterion model 43 universal testing machiribat has
capacityof 50kN as shown in figure 30. Thetensiletests were carried out in@rdance

with the ASTM standard E8/E8NLO05] . The loads speed wak mm/min resulting in
strain rates.5 x 10* s*. A white and black spragaint was used for applyingrandom
spatter pattern on the dagne tensile test samples irder to capture the displacement
usingan extensometevideo record. The engineering strain data was collected from linear
displacement dividing by original gauge length, while the applied loads were used to
obtain the engineering stress data by dividihg tollected loads to the initial cross
section area ojaugeregion. After that, he fracture surfaces of the tendidst samples

were imaged using SEM device.

Build direction

Figure 5.11 Tensile test specimen

5.5. Finite element analysis (FEA)

To simulate the deformation behaviour of the lattice structures after elastic range under
compressive loadings, EBYNA code of ANYSYSO software wasused with the
connection to LSPrePost software to display and review the results.betn lattice
structures uniform anélinctionally graded, 3D solid elements were employed to mesh
lattice models with six degrees of freedom. During all the numerical analysis, the models
were assigned with constant material properties that shotahle6.2, which is supposed

to bemultilinear material response under compression tests. Since the lattice structures
have separated small areas (nodes) on the top and bottom of the models which may cause
some errors during the applying boundary conditions, d@mected plategith 1 mm

thicknesswvere modelled on top and the bottom to overcome this issue.
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The boundary conditions were applied to simulate exactly what has happened in
experimental test, in which the top plate was freely moved in Z directioe abtistant
velocity and fixed in other directions, and the bottom one was fully fixed in all degrees
of freedom. In addition, the type of contact between the rigidly plates and the model was
used an automatic node to surface contact, while the automgtie surface contact was
used to define the interaction between the connected struts of the cells. This work is
almost similar to what had been done by (Hedayate and Sadighi 2016) in terms of
boundary conditions and contact types. For clarification, nodary constraints were
used to the sides of the lattice models during the all simulatans.12 shows the setup

and boundary conditions of the finite element analysis.

000 3000 60,00 (mm)
)

15.00 45.00

60.00 (mrm)
]

15.00 5.00

Figure 5.12 boundary conditionsof FEA, (a) graded, (b)hon-graded
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Chapter 6
RESULTS AND DISCUSSION

6.1. Overview

This chapter will provide and discuss the obtained results from the experimental
procedures and FEA models. Furthermore, it attempts for clarification and interpretation
of all results and observations that had happened during the study in order to provide clear
pictureandcompared tdhe previous relevant studies.

6.2. Dimensions measurement of lattice structures

Table 6.1 provides designed and measured dimensions of the hath $tuctures
uniform andfunctionallygraded. It is clear from the table that the dimensions of the solid
struts are not identical between designed and manufactured lattice solid struts. The
measurement process exhdaithat the dimensions were slightiigher in manufactured

solid struts than designed strutsthé lattice structures. The differences between the
manufactured and designed lattice structures were expected due to the nature of the
selective laser melting process that was used to fabtlalattice structures. However,

it is found to be in good agreement and it is similar to what previous studies had found.
As an example, Yan et al. (2013) and Van Bael et al. (2011) have mentioned that
dimensions of manufactured porous structures via $dinology exhibits thicker and
higher values than designed dimensions. Similarly, Maskery et al. (2016) had done
relevant studies to investigate cellular structures made of aluminium alloy by SLM. They
have found that the fabricated lattice structur8ld¥l dimensions agreed well with CAD
model dimensions. Likewise, Qiu et al. (2015) had performed research on the effect of
manufacturing properties of selective laser melting on the accuracy of cellular structure
struts. They state that struts dimensionsréase monotonically with variations of
manufacturing parameterblowever, this increase in dimensions in our study can be
attributed to unmelted or partially molten particles that are bonded to struts surfaces, the

differences in molten pool size, rougkseof the surface, and statepped effect.
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Table 6.1 dimensionsand relative densitiesf the lattice structure

design measured measurec measured measured

regular 812.5 853 + 25 13.902 e é 0.19
Full Lattice e é. eé. . 13.9022 0.19
layer one 350- 500 380- 538 + 30 0.055
layer two 500- 545 538- 585 + 45 0.083
layer three 545- 735 585- 770 + 25 0.124
layer four 735- 834 770- 855 + 30 0.186
layer five 834-1082  855-1115+35 0.279
layer six 1082- 1270 1115-1310+15 0.419

The SEM images of lattice struts in Fig&showclearly that many powder particles are
attached to struts surfaces and are not fully molten. Also, it can be observed from high
magnifications images that the variations in molten pool size and stair stepping effect are
clear on the outer surface of struts Fity n addition, the optical micrograph images also
show the surface roughness of the lattice structure struts Hig These observations
were also highlighted in similar research studies previously (Yan et al, 2013; Sing et al,
2016 & Qiu et al, 2015).

(b)

Figure 6.1 SEM and OM images of solid struts of the-asiild functionally graded
structure
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6.3.

Mechanical properties of Al-12Si material

Tensile tesresultsof the dogi bonetensile specimens are presehgés stressi strain
curvesfor both conditions, abuild and heatreated in Fig 6.2a.Fig 6.2b displays the
large-scale section of stress strain curves that shows the calculation process of

mechanical properties of both conditions.
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Figure 6.2 tensile stres$ strain curves of asuild and heattreated tensile samples

(a), large scale of the mechanical propertiep to 0.02 strainb).
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The calculatiorthe variations inthe mechanical properties &M 1 Al-12Si material in
asfabricated and after thermaltyeatedare given in Table 6.4t can be seen from Fig
6.2 and Table 6.2 that the-bsild SLM 1 AI-12Si material exhibited higher elastic
modulus and yield stress and tangent modulusfemure strength than hedteated
SLM- Al-12Si material. In contragtie fracture straiductility) exhibitedlower levelin
asbuild than heatreated conditionsThis is expected that in dmild SLM 1 part
provides high yield and fracture strength due tieetnature of SLM process that
characterizedby high heating and cooling rate 1>*1KYs resultingin grain refinement of
the microstricture [15, 91] The solution heat treatment has significanteffect on
mechanichproperties of SLM sample thatit decreasethe yield and fracture strength
up to approximately 50% and 43% respectively, wttike ductility (fracture straimyvas
remarkablyimprovedby anincrease up to 68% is well known thathere is aropposite
relationship between the strength and ductility propentfesnthe strength increases, the

ductility is decreased and vice verds [ 25, 89]

Table 6.2 mechanical tensile properties of Al2Simaterial

Elastic modulus (GPa) 12.5 8
Yield stress (MPa) 45 22
Tangent modulus (GPa) 3.2 1.2
Fracture stress (MPa) 222.8 126
Fracture strain % 0.0613 0.103

These variations arise from the influence of conducted solution heat treatment on the
microstructure of SLMAI-12Si material. The microstructures studgsperformed on
cubical samples using OM and XRD and SEM devicdést e r  prepangiidn@rocess

as explained in section 5.2.2. Tlogtical micrgraphs of aduilt and heatreated
microstiucture conditions are shown ifgF6.3 and 6.4 respectivelyhe SEM images of

the microstructure®f SLM samples in a$abricated and hedteated conditions are
presented in fig ®a and b.The microstructural study of SLMamples can be described

in the following observations.
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Metallurgical Pores

Figure 6.3 typical microstuctures of the asbuild sample(polished and noretched,

sectionis perpendicular to the longitudinal axis of the sample.

First, t has been observed fmOM micrographs that theisa porosity, which is visible

in both conditions of SLM samples. The porosity in-dabricated conditionesems to be

in larger sizeand irregular shapes than what can be seen after thermally treated conditions
as shown in overview picture of samples in fig 6.3 and 6.4. Following thee@Bnent

the porosityis becomen uniform distribution with small sizenal spherical morphology.
Second, high magnification OM micrographs reveal that there alifferent
microstructure regions asbuild condition as shown in red dasHew Fig 6.3d and c.

The boundary of hatch overlgflaser tracksinarked by region 1 beten to red dashed

lines, followed by heat affected zone marked by region 2 between two red dashed lines

and core hatch zone marked by region 3.
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This observation indicasethat these microstructure regions have various thermal
histories [15 87]. It is sated that the microstructure of Skparts have mainly been
influenced by different heat generated by laser scan overlaps and creation layers
sequentially according tdhijs et al. [106]. This resulted ina significant change in
microstructure of SLMAI-12Si material, where the microstructure becomerser in

hatch overlapgnd heat affected zomkie to remeltedtwo timesand partiathermally
treatment by laser scan overlaps, while the microstructure is become finer in core hatch
zone (core track) due to single laser scan line [188%7as shown irfig 6.3d and c.
However, the microstructure of Sl-Bsbuild sample was found to be finer than SLM

heattreadedmicrostructure. Similar results have bgeeviouslyreported byPrashanth
et al. [15], Li et al. [87] an@irol [107].

Figure 6.4 typical microstructures of the T6 sample (polished and retiched,
sectionis perpendicular to the longitudinal axis of the sample.
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In contrastto the asbuild microstructure, microstructusgudy showed thate SLM -
heati treated microstructurevasdifferentthan as buildSLM- microstructure in which

the variation irmicrostructure regiondaser track, heat affected zone and core hatels)
completely disappearetdhe high magnification OM images in Figdé and d reveal that
heattreated microstructure was homogeneoustyl becomecoarserand there is no
different in microstructure regionst has been observeand according to the phase
diagramof Al-12Si(Fig 2.12)that themicrostructure of AlL2Si comsists of Si parties

p h a s e -Alanmtix ptiase In current study, suckind of microstructure has been
observed with dark grey (white) is Si phase contrast and light grey is Al phase contrast.
It can be seen that crystalline size of Si and Al particles increase sigtifiedter the
solution heat treatment as shown in Bigc and d. This indicates that solution heat
treatment let to grow the Si particles size after rgjgaiut the Atmatrix. The size and
morphology of Si particles were clearly visible shown in ky 6.4c and d. Fig 6.3c and

d illustrate clearly the weknown asfabricated SLM microstructure, which is
characterized by cellular Aich boundariesupersaturated and surrounding by fine Si
particles[15, 8789]. XRD analysis arise the evidence of inceahe Si and Al particles

as can be seen in Fig 6.5a andXiRD patterns analysis demonstrate that the two
diffraction peak phasesf Al and Si has been identified. It has been observed that there
was nophase change, but the peak intensities of botméIsi elements were remarkably
modified.Fig 6.5 a is the XRD diffraction of heattreated condition, while Fig 6.5 b is
the asbuild condition, clearly show the increasing the peak intensities which

corroborating the increasd Al and Si particles sizas shown irig 6.3 and 6.4.
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Figure 6.5 XRD diffraction patterns of Al12Si material (a) heatreated, (b)asbuild

conditions.
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(b)

Figure 6.6 SEM images of SM-microstructure, (a) asbuild and (b) heattreated

conditions.

6.4. Deformation modes of the lattice structures

6.4.1. Deformation of as-build uniform lattice structure

Fig 6.8 demonstrates the stress strain caatained from the average of experimental
compressive tests ofhree SLM samples for eachuniform lattice structuresand
functionally graded lattice structures and for both conditiondalascated and heat
solutiontreated Also, Fig 6.7 provides video frames images that show deformation
stages ofisbuild uniform lattice under the compressive loadings. From Fagitess

strain curve of asbuild uniform lattice exhibited different deformationregions,
commencing witlahighelastic region followed by lonifuctuatedplateau region tonset
densfication region before fully crushing of the structure. It can be observed that an
elastic stage is relatively linearly proportional between compressive stresses and strains.
This region shows the highest stress value thaagteiild uniform lattice strature can
support at around% compressivestrain before the major collapsecurredin the
structure. Fig 6.7 video frames illustrate the significant deformation of the structure at
around 10% strain, by which the structure lost approximately 93% stfésgth. In this

stage, solid struts of structure cells start bending, and after a short time, some struts fail
due to shearing and breaking band at 45° angle to the applied load direction as shown by
red arrows and red circles in Figrgc) and €). This leads to significant decrease in
strength of the lattice structures as showRig6 8.
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After the elastic section, the continued compressive forces lead to develop a plastic
collapse region. Based on observations in Fig, @he deformation and fract
behaviours are repeated, and the structure is continuously weakened. During the collapse,
some cells work against the @ied load, which leads taise in stress until the
densification strain is reached at strairb®%. The fracture has mostly occurat the
contact point (nodes) between the solid struts of cells in X, Y or Z directionst dimel
middle of some solid struts after the bending. It is worth mentionethin&t M-Al-12Si
materialexhibitedvery high brittlenessSimilar deformation bedviour has been reported

by the previous studies (Yan et al, 2013; Maskery et al, 2016; Qiu et al 2015; Choy et al,
2017 and Campanelli et al, 2014). It is noted thatageuild uniform lattice structures

are structurally sound just before the first apie, which the structures have supported

up to the maximum compressive stress at ar@dhadompressive straims shown in Fig
6.7e,f,gand h

0%

(e) 22% ® (2) 58% (h)

70%

Figure 6.7 (a), (b), (c), (d), (e), (), (g), and (Wjeformation stages ofs-build uniform

lattice structure from recorded video camera
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Stress-Strain curves of AB and HT lattice structures
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Figure 6.8 compressive stress strain curves oftasgld and heattreated conditions

6.4.2. Deformation of heat-treated uniform lattice mode
Three samples of t8LM- uniform lattice structures were solution heat treated to study

the effect of such heat treatment on the deformation behaviour @LikkAI-12Si
uniform lattice structures as explainedsiection 5.3The data of compressionsts of
heattreated uniformlattice structures are presented as strestgain curve inFig 68,

which is as an average dhreetestedsamples Deformation behaviour of heateated
uniform structures were found to be different thatbad one.It is clear from fig 68

that the stress strain curve seems to be more ideal and very close to ideal collapse
behaviourof cellular solid structure that described by Gibson and Aghpylhe stres$

strain curve includes linear elastic region, followed by long and smooth plateau stress
region and then to the densification regi®he effect of heat treatmealearly transfers

the brittle collapse behaviour and low strain failure ebagd uniform structure to long
plateau regiorand high strain failure in heétteated uniform structurdhis difference

can be attributetb thedifference in thenicrostructire andresistance to fracturef the

solid struts between hetrteated and abuilt uniform lattice structureas shown in Fig

6.10.

It is obvious from the stress strain curve that there is slightly decre@senpressive
strength of the structumdter20% strain level. This is due to the deformation mechanism

of heattreated uniform lattice structutkat exhibited under the compressive loads.
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Fig 69 illustrates the deformation stages and failure mechanishasltbeerobserved
that the friction betwen the structure and tpé&atesurfaces of compression machine plays
significant role in weakeningf the structure. Fig 8b and cclearly demonstrate that
friction resulted in aconstraint the collapse process dhds let to central buckling of
structue. After that the continued compressive loads causedrive the cells of layers
toward the bottom of the structure (layer sas) shown in Fig@d and e Then, various
shear and break failuregeredevelopedn different directionsaaround35% strain leel.
Similar deformation mechanism of lattice structure subjected torpasufacture heat

treatment had been reported by Maskargl. [93].
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Figure 6.9 (a), (b), (c), (d), (e), (), (g), and (h) deformation stages oftasld uniform

lattice structurefrom recorded video camar
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Figure 6.10 SEM images of strut fracture surface of heaiteated uniform lattice

structure.

6.4.3. Deformation of asbuild functionally graded lattice structures

Fig 68 shows the stressstrain curve of theampression tests of dmiild functionally

graded lattice structures as an average of three SLM samples that has been tested. In
addition, Fig 611 shows framsof video camera that was used during the deformation of
lattice structues under the compressilmads. It is clear from the stress strain curve that

the deformation behaviour of tresfabricatedgraded lattice structures is completely
different from the collapse behaviour of uniform lattice structures. A gradually dense
lattice structures exhilat a distinctive deformation behaviour as the 45° shear band
failure found in uniform lattice is completely absent. This results in increased strength of
graded lattice structure. It can be observed from the video franfelg 611 that the

graded latticetsucturedeforned sequentially starting with lower density layer at the top

of the structure. Gradually, increasing compressive load results indgayer collapse
process. From the stresgain curve ofsbuild graded cellular structures, it candeen

that in the failure process of each layer, there are a linear elastic followed by plateau zone
to the densification region. These are ideal regimes of cellular structure deforthation
described by Gibson and Ashby [Hrom theempiricalobservatios, the deformation

mechanism of lattice solid struts changes gradually from a bending and plastic collapse
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(flake) in lower densitylayerat top to fracture thahostly occurred in nodes aeown in
redarrows in Fig 6L1. Such observations have been nmmed by Maskery et al. (2016);

Van Grunven et al. (2014) and Choy et al. (90Fig 68 and 611 clearly demonstrate

that the compressive stress increase in a sequence, which is associated with a gradual
increase of struts thickness throughout thestsuctural layers. This is avppositeo what

had happened in collapse behaviour of uniformly dense lattice structures.
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Figure 6.11 Imagesfrom video camera oés-build functionally gradedlattice

structureunder compressive loadingaj, before the applied loads. Whileby, (c), (d),

(e) and () are the collapsetages of structuralayers respectively.

6.4.4. Deformation of heat-treated functionally graded lattice structures

Following the solution heat treatnte@6 (section 5.3) functionally graded lattice
structure showed a unigue deformation response under the compressive load®. Fig 6.
elucidates clearly theignificant differentin the stress strain curve compared tdaid

graded lattice structure as \Wa$ uniform lattice structurel.can be seen that stress strain
curve rises continuously with increasing the compressive loads. This behaviour was tied
with collapse of the structural layers in sequefi¢e collapse process was found to be
similar in &-build graded lattice structure in which started with lower density layer at the

top to higher density layesequentially
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Fig 612 presents the frames of recorded video of the collapse stages under the
compression testsf heattreated functionally gided lattice structurd=rom Rg 6.12, it

is clear that the structures deformed in lalygdayer sequentiallyDespite the structural
collapse were found similar in 4sild and heatreated graded lattice structures, the
mechanism failure was a quite @ifént. This is a clear in stress strain curves trace, in
which featured by sharp decrease in compressive strength after each layer collapse that
make the curve with large fluctuation until the densificatiorssbuild condition Such
observations wereliminatedin heattreated graded structures where thel286i material
exhibited high ductility, thus altered thetie collapse to more ductile behaviowmder

the compressive load§he effect of heat treatment improved the deformation behaviour
that byreduce the compressive strength and increase the fracture straidli.
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Figure 6.12 Images from video camera ¢feattreatedgradual density lattice
structure under compressive loading, (1), and é¥ before the applied loads and
after fully crushing. While, (2), (3), (4), (5) and (6) are the collapse of six layers

respectively.
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6.5. Compressive mechanical characteristics and Gibson and Ashby

coefficients of the lattice structures

The mechanical propées of the uniform anélnctionallygraded lattice structuresder

the both conditions, a®bricated and hedteated, have been extracted from the
compressive stresgtrain curves. These properties are necessary tafinthe Gibson

and Ashby coeffi@ nt s C1 ,the@dicalyas givetlin the equations (1), (2) and
(3) in chapter four. These are providedrable 63 in which Ejay, ,, pliatandonset — are
elastic modulus, plateau strength and onset densification strain of lattice sgucture
respectively. For clarification, the elastic modulus has been determined from the slope at
1% compressive strain relatéal linear elastic region curve according to Olurin et al.
[100]. The plateau strength is calculatedrasanvalue of effective stress for the range

207 40% of effective strains (ISO standd®314:201). In addition, onset densification
strain is taken as the effective compressive strain for effective sthiss corresponds

to the curve trace arithsed on the experimental obsemasi (ISO standarti3314:2011
section 7.4)

Table 6.3 mechanical properties of uniform and gradual densitgttice structures

Ea  (GPa) 1.277 0.674 0.844 0.418
E*= — 0.1021 0.0539 0.1055 0.0523
. s (MPa) 14.483 0.166 0.839 9.549
SR == 0.322 0.204 0.448 0.435

8

Onset (based on

; 0.59 0.585 0.625 0.61
observations)

In Table 63, E *  a*mre thairelative modulus of elasticity and relative plateau strength

of the porous lattice structures respectively. These are determined figm Ea g 0
normalised with & a n d, ofliparent material giverin Table 6.2. From the given
equations bGibson andAshby (1), (2) and (3)n chapter four, the pfactors C1, C5 and

U haveéeortcallycal cul ated using determined E*
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Table 64 illustrates the three Gibson and Ashby coefficients for botidtions asbuild

and hegtreateduniformand functionally gradetattice structures.

Table 6.4 determinedcoefficients values of Gibson and Ashblj equations

C1 0.17 4.0 2.83 1.494 2.923 1.45 1.4+0.003 1.05+0.002
C5 0.251 0.35 3.887 2.46 5.4 525 0.23+0.006 0.64 +0.006
U 1.471 2.0 2.16 2.19 1.98 206 1.82+0.008 2.84+0.03

A typical stressstrain curveof the deformation process of tlatice structure consists of
three regions as mentioned previously. The first region is a linear elastic region which has

been expresed by equation (1) of Gibson and Ashbly Using determined values Bf

and” * , we can estimate th@1 coefficient, which should be in thgvenrange of 0.1

4.0. FromTable 64, the calculated values &1 for asbuild condition are 2.88 1.49,

and for heatreated condition are 2.92 1.45 ofthe uniform and functionally graded
lattice structures respectiveljhese values are found to be in the given range of Gibson
and Ashbyf1]. Despite these found values are well agree with previousteg{idtvalues

1.4 +0.003 1.05 +0.00by Dheyaa et al. 2017 for F2BQattice structuremade of Al

12Si and fabricated by same technology, but these values are considered relatively higher
than those found by other researchefer example, Maskery at.gR016) have found

that C1 values are 0.166 for metallic cubic lattice structures made by SLM and 0.44 for
polymer lattice structures made by SLS at which the relative densities were 0.22 and 0.19
respectively. Similarly, Yan etl.a2015) have reportdtiat C1 values are 0.17 and 0.19

for the two cellular structures made of Ti6AI4V with close relative density values.

The second region of stresgain curve is the plastic plateau regime, and is represented
by equation (2) of Gibson and Ashfy], whichis usel to estimate the coefficier@5,
which has the values in the range of 0.25 to (135Thedeterminedvalues ofthe both
conditions, asuild are 3.887 2.46 and heatreated 5.4i 5.25 for uniform and
functionally graded lattice structures respesy.
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It is worth mentioned that calculated value<Caffor both conditionsverefound in out

of the given Gibson and Ashby rand¢. However, he resulting valugof C5 arehigher

than what Gibson and Ashby predicted for their worknaetallic solid gructures and
expressed by equation (Zjhese findings must take to the considerations the fact that
there is a difference between the one architectural design to another, and also on the types
of material used (Maskery et al, 2016). Their study for BdaZice structures made of
Polyamide PA (2200) by SLS process, C5 was found to be 0.285, while for BCC lattice
structure, C5 was 0.202. This indicates that coefficient C5 may vary from design to design
even with identical relative density valu&milar results of C5 values has been found in
previous studies. For instandeheyaa et al. (2017) have found that C5 valu6.&t
+0.0066for F2BCC lattice structure made of SLgluminium alloy with 0.185 relative
density. In addition, Y@ et al. have reporteaif two type of lattice structures made of
316L stainless steel afidi 6AlT 4V fabricated by SLM process th@bvalues were found

to bel.29 and 1.3%espectivelyThis indicates that coefficient C5 may vary from design

to design even witidentical relatie density

The third region of stresstrain curve is densification region, in which the equation (3) is
used to determine the vlade& thevebultity.valudssof i t ¢
uniform and graded lattice structurasasbuild and heatreated conditionsre2.167

219and 1.98 2.06r especti vel y. It is obvious thal
critical parameter that is mainly affected by the value of densification stralfor as

build lattice structuregheonsetdensfication strain happened at a lower strigivelthan

the heattreatedlattice structureThis is due to the effect of conducted solution heat
treatment. It has been observed that valuélimheattreated lattices structures are close

to the given rang of Gibson and Ashby [1], while in-dsiild condition are higher than

given rangeThese observations are found to agree with some findings in two studies for
Maskery and his colleagues (Maskery et al. 2016 and Maskery et al. 2017), in which the
determind U values were 2.47 and 2.44 for | at
respectivel y. Thus, the rise in resulti
deformation behaviour of the uniform and graded structures (Maskery et al. 2016). It has

been explaiad indetailin deformation of lattice structures section.
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6.6. Numerical Simulation of lattice models

Figure 613 showsstress stress plots of FE uniform and graded models and compared
to experimentatesults of heatreadeduniform and gradedhttice strutures. The FEA
stress stain curgeare similarand very closéo the experimentadtress strain curegelt

can be seen that the curves include the steep rise of elastic region followed by long and
smooth plateau stress region to the onset densificatioontethese results have been
obtained after conducting the convergence study of the influence of elemerithsze.
effect of elemensize, thawas used to mesh the FE modékss beestudiedusing range

of differentsizes starteffom the default size (35mm) to 0.35 mmr he study resulted

that the element size 0.35 mm can capture the deformation and provide more accurate
results.Unfortunately, the running simulation for whole structuseng 0.35 mm element
sizecould not be conducted due to facing soof the constrats. Computational time
required, limited of element number (education version ¢DIYNA provide 220.000
element number onhygnd capability of available computers are the main constraints that
we had faced during the finite element gsa. Although running numerical analysis for
whole model using 0.35 mm element size could not performed, but using default element
size can be done to have clear pictaibeut thedeformation behaviour and compared to
experimental observations regardlesthieaccuracyof theresults.Figure 614 illustrates

the deformation stages of riiform models it can be seen that collapse process of FE

modelis similar to the experimental deformationfigure 6.9

EXP and FEA compressive stress -strain curves of the lattice structures
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Figure 6.13 stressi strain curves of FEA models and experimental lattice structures
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However, b overcome these issues, andcbysidering the symmetrical geometry of the
designed lattice structuraguarterof the structureontaing4 x 4towers)was onsidered

to conduct the numerical analysiscan be seem Fig 6.15.

It is found that the deformation behaviour of #t€ uniform modelis comparabldo the
experimental behaviour of uniform lattice structures. Fitp6llustrates the collapse
procesf six layersof FE uniform modeunder compressivieading in which the cells
were deformed in corresponding manner &wminogenousThe deformation process
startswith buckling andoending inverticalsolid struts othecells, Fig 616 b, ¢, dand e
clearly demonstrate the stress concentration. Adterund 20% strain, the effect of
friction can be seen in Fig® e, d and f, which causedwealen of the structure and
thus decrease the compressive strength as shown in stress strain curve46258@in

level Fig 6.14 Then, contact of the cell struts with the next cell struts under the
compressive loads resulted in onset densification followed by full densification at around
56% strain Despite the similarity in stress strain curves between FEAemadd
experimental resultdhait include three ideal regions, there is different in plateau stress
level and beginning of onset densification strain leVdlis is due to the absence of
formation of the cracking and shearing that has been observed imexpial after 25%

strain level.
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Figure 6.16 deformation stages of FE uniform model

Compared to thEEA uniform modelthe FEA results of thiinctionally gradedmodel
exhibited close agreement with the ergal results of thefunctionally graded lattice

structure ashown in Fig 614.
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Fig 6.17elucidateghe pictures of collapse behaviour féE functionally graded model
In this case, the deformation process commenced witarldensity cel at the topof
the towes, and then, in sequence, the collapse ofafgdi-cell continues. This ifike
what had occurred in experimental deformation behaviour ajrdrdual dense structure
as shown in Fig @2. The difference between the experiment and numeriadiesis
only some fluctuations (decrease and increase) at approximaté5e® and 25 35%
compressive strain. Thsan be attributed tchée mechanism of failure process that by

formation somdracture and flakén few solid struts in experimental one.

Figure 6.17 deformation stages of FE functionally graded model

6.7. Energy absorption capability

The energy absorption of lattice structures is a key objective of current resEagech.
energy absorption capdiby for both uniform andunctionally graded lattice structures
in asbuild and heatreated conditions has been determireedthe area under the
compressive stressstrain curve usingthe numerical integrationwhich is represented
by equation(9) in chapter four The total cumulative values of calculated energy per unit
volume up to 50% compressive straindup to onset densification strain of uniformly

and gradually dense lattice structures are showralne 65.
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Table 6.5 Determined values of energy absorptipnoperties

ASbuild lattice Uniform 0.59 7.953 9.659
structures (F2CCZ) 5 54eq 0.585 4.890 7.883
LT lattice stuctures  UNiform 0.625 6.119 8.033

(F2CC2) Graded 0.61 4.574 8.335
) Uniform 0.66 @ - 2.6+0.2
F2BCC (previous
study)
Graded 0465 0 e 3.2+0.1

The energyabsorption behaviour of bottonditions of thdattice structures can also be
observed from th&ig 68 of experimental compressive stretgin curves. lrasbuild
uniform lattice structure, a larganount of energy waabsorbedas shown in table b.

This is because dhe beginningf high compressive strengtimtil the major collapse of

the structure starts to happen in approximatély strain. After the peak point of
compression stress, the struetwanters the plateau region with a low level of plateau
stress against the applied | oad due to t
which causes it to absorb lower energy. Bieillatedplateau region continues till the
onset of densificatiostarts at aroun89% strain. This give3.953- 9.659MJ/m>as the
amount of total energy thatas absorbed by the structures up36% andonset of
densification straimespectively Although the highst energy was absorbed in-bsild
uniform lattice sructure, but the deformation mechanism revealed the evidence that such
structure could nopreferred in energy absorption applicatiéig 68 and kg 6.7 arise

these evidence by showing the sharp decrease in its strength.

Following solution heat treatmef6 in uniform lattice structure, the ability of energy
absorption completely tuedto more ideal behaviour &splainin section 6.4.2Thisis
because of the influence of heat treatment on the change the material from brittle collapse
to more ductildbehaviour under the compressive loads as can be seen iB fgd fig

6.9.A 6.119i 8.033MJ/n? are the amount of total energy to 50% and begin densification

strain respectively.
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Previous results on the effect of péstmanufacture heat treatment (T 8CC and
doublegyroid latticestructures are found to be similar [9, 90]. Maskey et al. [90] found
that despite the same amount of energy absorbed was founthuricaand heatreated
double gyroid lattice structures made AF-Sil0-Mg and fabricated ¥ SLM, the
deformation behaviouxhibited a significant change.

On the other hand, the energy absorption behaviour ofutietionally graded lattice
structuresn both conditionsvas quite different as showm Fig 68. The structure starts

with a muchlower level of absorbed energy than the uniform lattice structure at around
10% compressive strain. Then as the compression loads increase, the energy absorption
level increases significantly with the collapse of layers sequentially. It is clear from the
Fig 6.8 that the gradual increase of absorbed energy was tied with the deformation
behaviour of layer by layer starting with the top layer ofdodensity one. Althoughas

build functionally graded lattice structure exhibited a novel deformation behatheur
graded structure absorbedbaver amount of energgompard to abuild uniform lattice
structure The values of 4.8D 7.883MJ/n? are the total energy that was absorbed up to
50% and onset densification strain levehe existence of vertical pillarith constant
thickness throughout the structural layers from the top to bottom andnaberial

brittleness caused in risirtge amount of absorbed energy.

Conducting T6 heat treatment, functionally graded lattice struciuogved a unique
deformation esponse under the compressive loads. F& educidatesclearly the
significant difference in the stress strain curve compared -ouidts graded lattice
structure as well as uniform lattice structurBsis distinct behaviour gives574- 8.335
MJ/m? amaunt of absorbed energy to 50% and onset densification saspectively
Although, heati treated functionallygraded lattice structure reached the end of plateau
strength region (onset densification straind¥ before the uniform lattice structure
reached at63% strain, thefunctionally graded structure absorbed a higher amount of
energy. These results are found to agree with reported values of energy absorption from
the literature that support the functionally graded mo{Isl3 & 64] For example,
Maskery at al[9] have found that the values of the total energy absorption were 5.7+ 0.2
MJ/m? and 6.3 + 0.2 MJ/fnfor nongraded and graded BCC lattice structures made by
SLM technology respectively.
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These values wereund to belower compared to ouresults as different material (Al
Si10-Mg) andunit cell form, but with samgolume fractionand manufacturing process
were used. Similarly, 0.64 + 0.01 MJand 1.371 + 0.09 MJ/fwvere the values of total
cumulative energy for uniform and graded Bd@ttice structures made from polymer

and fabricated by SLS process respectively (Maskery at al. 2016). Their ve=@ltdso

lower than what have been found in this research study due to softer material was used,
but the relative density wasmilar. In addtion, Dheyaa at al. (2017) claimed that 2.6 +
0.2- 3.2 + 0.1were the values of F2BCC lattigtructureswith uniform and graded
density profile made of same material and very close volume frication. The current results
are approximately three times heghthan those found by Dheyaa et al. (2017). This
because othe presence of the vertical pillars or struts that worked to support high

compressive strength

The cumulative energy absorption per unit volume versus the compressive strain for
uniform andfunctionally graded lattice structurasmder both conditionsasbuild and
heattreatedare plottedas shownn Fig 6.18. The exponentalues from the fitting curve
equations of botform of thelattice structures have been extracted from fitting theesurv

by the power law method atwown in Fig 6.8. These values represent the increase rate

of cumulative energy absorption of the lattice structures under the compressive loads. The
results indicate that the graded structure was in higher increase rateitbam structure
except asuild uniform structure as it is explained in section 6.i.Which the exponent
valuel1l.567. The exponent valuegre 1535and 1538 for the bothfunctionally graded

lattice structuresn asbuild and heatreated conditiomrespectivelyWhile, 1.258 was

the exponent value of hetakated uniform lattice structure.
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12 4

~

10 4 ~ : 3 AS-Graded
= y=11.27x053

—— - AS-Uniform
= === AS-Graded

HT-Graded = = HT-Uniform

4 e e Y=11.087x15%1

- -
.« = "= “AT-Uniform
5 .‘/ 7 ¥=17.06x0

S
P

m— HT-Graded

Cumulative energy absorption per unit volume
(M1/M3)
a*
\

Strain

Figure 6.18 cumulative energyf asbuild and heattreated lattice structures
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It can be observefiom Fig 6.8 that the energy absorption behaviour of uniform lattice
structure exhibited a sudden decrease in the amount of energy absorbed at approximately
10% and20% strainin asbuild and heatreated conditions respectiveliyhis was caused

by the major collapsef asbuild uniform lattice structures due to the shear band failure
and by early densification in top and bottom layers and random creaks itrdaatl
uniform structureas described in detaifeviously. On the other haplig 6.18 shows the
distinctve behaviour of cumulative energy absorption fianctionally graded lattice
structuresn both conditionglue to itsuniquedeformation behaviour under compressive
loads as explained in the previous sedio8imilar cumulative energy absorption
behavious were found in the previous studies from the literature. For example, Maskery
at el.[9, 64] have found that the exponent values were around 2 and 3 for BCC lattice
structures in the density gradient form, and manufactured by SLM fresal@Mg and

by SLS with polyamide (PA 2200) respectively. Similarly, Choy afE3] had done a
relevant study to investigate the energy absorption capability of uniform and graded
honeycomb and cubic lattice structures made éAl4V by SLM. They have found

that the &ponent values of functionally graded structures in both honeycomb and cubic
lattice structures were higher than the uniform structures. The increase rate values of
cumulative energy absorption were 0.89 and 1.72 for uniform and graded cubic lattice
strucures, and 1.26 and 2.68 for uniform and graded honeycomb lattice structures

respectively.

EXP and FEA cumulative energy absorption curves of lattice structures
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Figure 6.19 cumulative energy absorption of he&teated and FEA models of the

lattice structures
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Experimentalcumuhtive energyper unit volumeof heattreated lattice structuremre
conpared to FEA cumulative energy per unit voluaiesorption as shown Fig 6.19.

From fig 6.19 it hasbeenobserved that the energy absorption behaviour agrkes
between the EXP anddA. A 1.259i 1.52 are the exponent values of uniform and graded
structure experimentally, whereas 1i41.698 are the exponent values of uniform and
graded structure numerically. This is an evidence that the deformation behaviour of FEA
models were fountb be in close totheexperimental response as it has been explained in

section 6.4.

Theseoutcomesalso supporthe findings that the gradually dense structuressinilar
models of gradients would be more desirable for applicatiat required highreergy
absorption capabilityTheir deformation response eliminatédhe conventional failure

behaviour by which they exhibgsophisticated and differetpe ofcollapse behaviour
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