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Abstract

Selective laser meltingSLM) techniqueis a promising3D printing techniqueusedin the
aerospace applicatipamongst other additive manufacturi(@M) techniquesParallel to
SLM, Ti6Al4V is a suitable alloy in thaerospace industiyecause of the advantages it
offers which includesuperior comimation of strengtlandreduced weightThe advantages

of producingTi6Al4V by SLM manufacturing processsults inanincreasing demand of
SLM Ti6AIl4V parts intheindustry. The Aeroswift™ SLM machine, available at Council
for Scientific and Industrial &earch (CSIR), is capable of producing components using

high speed antdigh-powerlaser of up to &W.

Theability of Aeroswift™ machine tgorint componentsisinghigh speed andower, result

in accelerated production of high precision passich lead to reduced production times
However, because ofhigh cooling ratestogether withlarge thermal gradients that
accompany the SLM technique, the produced components exhibit afaaoiartensitidJ-
phaseThe martensititJ-phasgwhich leads tdow ductility) formedduringthe production

of SLM produced Ti6Al4V components make their components not to achieve the same

mechanical properties compared to their wrought coynaks.

This studyis aimed at usingpostheat treatment to overcome challengessented by SLM
processby improving the microstructure amdechanical propertiesf Ti6Al4V coupons
Ti6Al4V samples were produced onhegh-speedpowder bedAeroswift™ machineand
then heat treadd under different conditions Microstructural and phase analyses were
performedby usingoptical microscope (OM) anthe scanning electron microscope (SEM)
Mechanical properties of tlemmples werevaluated by performingickers micrehardness

and tensi tests

The asbuilt microstructure was characterized by large colunmari o r bharpr ai ns.
acicular martensitél-phasevas found insidethpr i or b gr ai nsappliedeat tre
to the asproduced samples toansform themetastablenartensiticU structureinto stable

phasesthereby improving the microstructure



It was found that dat treaing at 700°Cdoes notransform the martensitio-phase Heat
treding at 950C and 1000°Gransforned the martensité)-phase into fulljjamellaU+ b .
Moreover, 1000°C chareglt he ¢ ol u mn aquiaxed ngorpleoiogyldie hardness
was found to decrease with increasing haatmenttemperature Furthermore,heat
treatment at 1000°@llowed by water quenching (WQ) and air cooling (AQitiated
formaion ofaf i ner maphdsewhish résatedlhcreasd hardnessHeat treang
at 1000°C for 2 hrscoolingby furnacecooling (FC)improvedthe ductility to atleast 136.
Furthermore,yield strength YS) and ultimate tensile strengtifUTS) were faind to have

decreased after heat treatment
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Chapter 1: Introduction

This chapter gives bagkound knowledge on selective laser melting (SLM) of Ti6Al4V alloy.
The effect of heat treatment on SLM produced Ti6Al4V into producing an improved bimodal
microstructure is highlighted. The research gap, problem statement andhredgactives are

defined, and the hypothesisgs/en Lastly, the dissertation structure is reported.
1.1 Background

1.1.1 Metal additive manufacturing

Metal additive manufacturingAM) is an emerging technology that providedvantagesuch

as energy savingmaterial savingandhigh efficiency, to several industrigd.eeet al, 2017;

Sabbanet al, 2019. AM is highly recognisedbecauseof its ability to deposit material
successfullyat designated targeted argasdby coherentlydeliveringeither laser oelectron

beamon it. Consequently, the powder is melted antidifies therebyenablingmanufacturing
of high precisiorcomponentgLeeet al, 2017).AM processes are identified prinilgrby the

type of anenergysource theyse to consolidate ttepositingmaterialsand heway in which

thedeposied materialis fed during manufacturingHrabeet al, 2013;Leuderet al, 2013.

Thefunction of thelaser orelectronis to melt pure metad or alloysof definitive particle size
range(0.6-400pm)during manufacturingeadirg to the development either laser or electron
beam melting AM procesMaterial can either be overlaid or blown before meltlagding to
either preplacal or powder blown platform classificatiofHrabe et al, 2013) Laser
technologies have attractéaterest in various marfiacturing industries and researiélds;
henceoneof the AM technologiesin this caseselectivdaser meltingvas used to achieve the

objective of this research work.
1.1.2 Selective laser melting
In selective laser mlting (SLM), a laser is used to melt various metal powders. The SLM

techniquauses conputeraided design (CAD) models to produce plygruponlayer(Sallica
Levaet al, 2016;Chicoset al, 2018 Zhanget al, 201§. SLM products, such as aircraft



turbines, presser vessels and surgical implants, are usedh&aerospace, automotive
biomedicaland other technologindustries respectivelyJovanovicet al, 2006;Yaidroitsev

et al, 2014; Tonget al, 2017) SLM has become a preferred techniqbecause ofts
advantages which include manufacturing of complex, finished shapes and material,
furthermore, the process time saving(Yadroitsev et al, 2014 Wang et al, 201§.
Furthermore, SLM isapable baccommodatingnanyalloy powdersncluding, stainless stegl
cobalt,andchromium(Rafi et al, 2013;Gonget al, 2014; Donget al, 2017).In this work

SLM machine was used fwocessTi6AI4V alloy.

1.1.3 Titanium and titanium alloys

Over the last 20 yearspmmerciallypure titanium(CP-Ti) andits alloyshaveattraded more
interest in the modern fabricatigneverriding convenonal materials such as steel and
aluminium (Wysockiet al, 2017).These materialarewidely used forthe manufacturingof
metallic compaoentsdue to their attractivpropertiesof strengthtoughnesshiocompatibility,
exceptionakorrosion resistancat high temperaturgdVu et al, 2016; Wysocket al, 2017;
Shipley et al, 2018) CP-Ti can bemixed with other severalelementsto develop its

characteristics.

For exampletitanium can bealloyed with aluminium and vanadium to achieve titanium
aluminium grade 5 alloy called Ti6Al4V which &widely used and researchethterial The
success of Ti6AI4V is linketb the advantages it offers such as high strength, reduced weight
and toghnesgTeoet al, 2008; Wet al, 2016; Tonget al, 2017).Thetwo phases of Ti6AI4V

( U pernditfpor its structure to be refedduring heat treatmenthisleads to possible phase

transformationsvhen the alloy undergoes heat treatment.

1.1.4 Selective laser melting produced Ti6AI4V

Literature shows considerable difference betweioM Ti6AI4V microstructure and wrought
microstructuref the same compositigiasperovictet al, 2015;Ter Haar ad Becker, 2018

Several studies on theLM produced Ti6Al4Vmicrostructurehaver eveal ed | ar ge
grains that werenade of sharmartensitc U-phase Studiesby Kasperovichet al (2015 and

Zhaoet al (2018)comparedhe microstructure of SLM T4V in its asproduced condition

to that of wrought Ti6Al4VTheobservednicrodructures ar@resentedn Figure 11.



(a) Wrought (b) sLm

Figure 1.1: Microstructures of Ti6Al4V (a) Wrought, (b) SLM (Kasperovich et al, 2015).

Figure 1.1(a) depicts that microstructofenrought Ti6AI4V components osist of equiaxed
U and whilgtheSliMmpmduced Ti6AI4V compse of a sharp acicular martensliie
phase The acicular martensitio-phase isassociated with low ductilitgelongation less than
10%) and residual stressessulting in the compromised mechanipabperties Studies by
Joshi (2006) an&horosaniet d. (2017)discussed that SLM produced Ti6Al4&émponents
do notmeet the sammaierial propertiescompared toheirwrought counterpart3.o overcome
this challenge,the SLM producedTi6Al4V parts are heat treatedafter production Heat
treatmentis able b transform themartensiticU-phaseinto stable phaseand achievethe

microstructure that is comparablethat of wrought parts.
1.1.5 Heat treatmentof SLM Ti6Al4V components

Heat treatmenis typically applied to SLM produced Ti6Al4V components to improve the
microstructurerelieveresidualstreses eliminating the metastable martensiilgphase with
the purpose of obilsing a stable microstructure (Yan an¢u, 2015). This resuls in
microstructuraimprovementhat lead to partenhancemeniThe existence of the two phases
( Wb) of TiBAI4V allows forthetransformation between phasksing heat treatment leading
to avariety of microstructurewith different anddesred mechanical properti€gVeisset al.,
1986; Semiatiret al, 1997; Lutjeringet al, 1998) Furthermore, hedteatment improvethe
ductility of Ti6AI4V products manufacturday SLM (Vranckenet al, 2012;Wu et al,, 2016).
Several studiesTerHaar and Becker, 2018; Zhabal, 2018;Sabbaret al.,2019 haveshown
that a bimodal microstructuschieves excellg strength and superior ductilitgnd it can be

achieved by duplear triple heat treatment strategi&be aim of the current studsyto improve



the microstructure of Ti6Al4V componenisoduced by SLM procesy developing a bimodal
microstructure usig a single heat treatmesttategyas opposed to the approadiopmosed by
Ter Haarand Beckel(2018)and Zlaoet al (2018)who respectivelyused a duplex heand
triple treatment strategs to obtain a bimodal microstructure This researchproject
concentrated on varyindneat treatmentemperaturecooling methods antleatingresidence

time, on highspeed SLM produced Ti6Al4¥oupongo produce a bimodal microstructure.

1.2 Gaps and significance of the research

Over theyears AM has become a preferred nudacturing technology over traditional
manufacturingnethodsdue to its cost savingesliability, material savingnd parts accuracy
(Liu et al, 2016 Zhaoet al, 2018. Due to these advantagéiserehas beeran increase in
demand of high precision geetrical parts(with repeatability) that were difficult or
impossible to manufacture using conventional methols.abilities of AMtechnologiesre

rapidly evolvinghencethere areseveraktypesof AM techniques that are usearldwide.

Aeroswift™™ SLM machine, available @he Council for Scientific and Industrial Research
(CSIR), is capable of producing components using high speed and faseeof 5 kW. The
ability of using high speed and powenables increased productivitywhile also addhg
sciertific knowledge anduinderstanding of th8LM processAlthough AM of Ti6Al4V and
investigation of its heat treatmaanot a new area of stugdlttle is knownaboutheat treatment
of Ti6AI4V AM components manufactured with SLMhagh speed and powérherefore this
study investigate heat treatmeneffectson the improvement of the microstructure of the
Ti6Al4V coupons that werenanufacturedrom aSLM machine withhigh speed and power
Tothe bestof h e a knowledge,he workas beemeportedn open literature at the time
of writing on heat treatment dfi6Al4V produced bySLM at 5 kW power laser.

1.3 Problem statement

Although AM offers a variety of advantages/er conventional methodshere are some
challengesssociated with Ti6Al4V parts mafactured by this technology. The microstructure
of the asbuilt Ti6AI4V component is inhomogenequifferent from its wrought counterpayts

and has high residual stresses that are due to repeated thermal cyclestifigsaheaooling



during fabrication(Vilaro et al, 2011; Ter Haar and Becker, 2018yhich affect their
performanceThese thermal cyclgsoducean undesired martensitit-phasewhich alters the
microstructureand result in undesired changen mechanical properties, Witparts having
low ductility, low toughnessnd low cycle fatigue proper{ifer Haar and Becker, 2018hao
et al, 2018;Sabbaret al, 2019. This low ductility hinders AM produced parts the potential
in engineering applicatiosuch as aerospace indusii@hao et al, 2018). For industry

applications, ductility and low cile fatigue need to be improved.

For example,iie microstructure of SLMroducedTi6Al4V component obtained by Vrancken
et al (2012) is shown in Figurg2.
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Figure 1.2: Microstructure of SLM produced Ti6AI4V (Vrancken et al, 2012).

This type ofmicrostructure is characterized bylg acicular martensité-phasewhich is
associated with low ductilitfChenet al, 2017; Xuet al, 2017; Shiplewt al, 2017; Heet al,

2019). Heat treahg the partamprove the microstructure of the SLM built Ti6Al4parts
leading therefore to @&sidualstressfreepart with improved mechanical properties in ductility

and fatigue (Yan and Yu, 2013roper fleat treatment parametesise required irorder to
improvethe microstructure because some heat treatments may improve the ductility, however
at the cost of strength (Zhaat al, 2018).Studiesby Ter Haarand Becke(2018) usediuplex

heat treatment strategy and Zhetaal (2018) used triple heateatment strategio obtain a
bimodal microstructure, which is considered supdvalancen strength andluctility. In this

study, asingle heat treatmerdtrategywas implementedby varying temperature, cooling

method and residence time during heaatireentin an attempt to producing a bimodal



microstructurelt is more beneficial to use singledig¢reatment strategy over duplex and triple

straegies because it saves both time and energy.

1.4 Research objectives

Heat treatment is known to affect microstructarahsormation that governs its effectiveness

in mechanical properties of SLMi6AI4V components. A bimodal microstructure achieves
good balance of strength asdperiorductility. The aim of the study was produce a bimodal
microstructure in Ti6Al4V samples produced by SLM method. The microstructure was
achieved by varying temperature, doglmethod and residentiene. The research objectives

were:

1 Determine the effect of heat treatm@arameters (temperature, cooling methods and
residence time) on the microstructure and mechanical properti€6AKV parts

produced with SLM process

1 Determine the optimum heat treatment parameters which ensure formation of bimodal
microstructure andmproves mechanical properties including tensile properties in SLM
fabricated Ti6AI4V.

1.5 Hypothesis

It has been shown that a bimodal microstructure achigwesrior tensile ductilityficAl4V
components produced by SLM procedster quenching from above the critical temperature
achieves a bi mo d-pHasema neatriodniarensitel-phase The $ecohd
annealing strategy is required to decompose the unwardeensiteJ-phase(Ter Haar and
Becker, 2018). Baskon this understanding, it is hypothesized that a bimodal microstructure
can be achieved without using the secandealing strategy (single heat treatment strategy)
on high speed SLM produced Ti6Al4V components by varyemgperature, cooling method

andresidence time.

1.6 Delineations and limitations



This research focusemh characterising thasreceivedandheattreatechigh speed and power
SLM Ti6Al4V coupons. The coupongere producedn a continuoug pre-heatedbase plate

ata temperature 00°C Heattreatment waslonein anargonprotectedatmosphere.

1.7 Structure of dissertation

Thestructure of thiglissertatioris as follows

This chapter discussed the importance of heat treatment on the improvement of SLM produced
Ti6Al4V samples microstructurand mechanical properties. It captured that an improved
microstructure can be obtainddhieat treatment parameters are appropriately adjusted. Such
an improved microstructure is known as bimodal microstructure which has better tensile

properties.

Chapte 2 focuses on literature revieamdsome of the important aspects that are related to this
study and review important findings that were made by other authors. The processing of
Ti6AI4V alloys using traditional methods aAi techniques followed by poseht treatment

is discussedChapter Jgives a detailed description tife experimental procedurehépter 4
presentsheat treatmentesultsfor process developmenthile Chapter 5repors on heat
treatment resultebtained usingelectecheat treatment pameters. Chaptergimmarises the
findings and give therecommendations anfliture work Referencesand publicationsare
includedat the end of the dissertation



Chapter 2 : Literature Review

This Chapter focus on revisiorfindings and important conceptbat contribute tothe
knowledge areas of thigroject. The comparison of microstructure produced by AM and
traditional methodssi reviewedin detail Improving the microstructure ofi6Al4V by
employing differenteattreatingstrategiess the main focuarea Thecontribution of heating
and cooling onmicrostructural formationis mainly highlighted. Moreover, he possible

microstructures thatan result fronheat treatmestof Ti6AI4V are dso reported.
2.1 Metallurgy of titanium and titanium alloys

Titanium and its alloysireessential fovariousstructuralapplicationsTheir attractive property
of producing light weight structures have made them more desirahtemedical marineand
automobile industriefPoondlaet al, 2009;Shipleyet al, 2018) They owe theiisuccesdo
their low density of 4.43y/cn?. Titanium can crystallize in various structuredich are

depictedn Figure 2.1

Hexagonal Close Packed Body Centred Cubic
HCP, a phase BCC, B phase

(a) (b)

Figure 2.1: Crystal structures of titanium (a) hcp and (b) bcc (Pederson, 2002).

Titaniumcrystallizes in a familiahexagondy close packed (hcpattern at room temperature
as presented iffigure 2.1a) and they are referred astitanium. When the temperature is
raised, theyrystallize inastable body centred cubic (b@yangemenras presented yigure
2.1b), r ef er r e-ataniano(Lugesng &nd Williams, 2007)he presenceof the two



different structuresogether wih theirtransformation temperatugésssignificantto the alloys
becausethey form as afoundation for formation of different structures and mechanical

properties
2.1.1 Titanium alloying

Alloying is theaddition of specific elements tdaniumin sufficiert quantityto improve its
material properties.The aloying elements arelassified according tthe phases that they
stabilize.For instance in case ofTi6AI4V alloy, vanadium V) is responsible fostabilizing
the b-phase andiluminum Al) stabilizesthe Uphase Elementsthat added to titaniurare
groupedasUandb stabilizersor neutral depending their effect briransugLeyens and Peters,
2003; Lutjering and Williams, 200/ igure2.2demonstratéhe influence of titanium alloying

on b-transus

|
P B
a+f B
e . h
L
T Ti

Ti T
neutral a-stabilizing f -stabilizing
B-isomorphous B -eutectoid
(Sn,Zr) (AlLLO,N,C) (Mo,V,Ta,Nb) (Fe,Mn,Cr,Co,Ni,Cu,Si,H)
(a) (b) (c) (d)

Figure 2.2: lllustration of alloying elements transformation temperatures l(eyens and Peters, 2003

Elementd hat do not -ttarsysee caled newahgementgFidgure 2.2).0n the

other had, elementsthat increaseor d e ¢ r e a dransus &realleBUst abi | i zer s a
stabilizers, respectively aepictedby Figures 2.b), 2.2(c)(Leyens and Peters, 2003here

are two groups ob-stabilizing elementsnamelyb-i s 0 mo r p h eutexbid &lantkntsb

(Figures 2.2c, 2.2l). Th e -isdmorphous elements afavourable because they are mostly

soluble in titanium(Leyens and Peters, 2003

2.1.2 Classification of titanium alloys



2.1.2.1 Ualloys

Titanium alloys are divided intthreegroups namely U, +Band b al | ongasU
and met greupsaXist as supplementary categor{fesyens and Peters, 2003hese
types of alloys are characterized by excelteaep andtrength Moreover the -alloyscannot
undergo a heat treatment procéssmanipulate theimicrostructurebecause of their single
phasedhcp structureln addition,they are known tchave very low ductility and anisotropic
properties (Weiss and Semiatin, 199Re stability ofU-alloys occursat temperatures lower
than650°C(Leyens and Peters,2003) mi xt ur e of t h iswbilizeyspreates f

sub-division of nearUgroup

2.1.2.2 U+ p-alloys

Howe:!

al |

TheU+ b groupstabilizes at 450°CThis type of alloys can undergo heat treatment process to

change thenaterialpropertiegLeyens and Peters, 2008Yhenproperlyheat treatedhie U+
b alloys can haveexcellert strengthand corrosion resistancalong with suitable ductility
(William et al, 2001;Lutjering and William 2007) With sufficientb favouring alloy element
level, transformation td-phase is produced upteating and transformed during thaoting.
In this categoryTi6Al4V alloy accountalmost 50% usagever commercial alloygSemiatin
et al, 1997; Alcistoet al, 2011)

2.1.2.3 b-alloys

The microstructure of this aj)gconsistana i n | -ghaseTheyfare mostly consumed in the
aerospace industry. They are chasaged byhigh strength andductility (Lutjering and
William, 2007; Ghaderet al, 2013) Moreover, his group ofalloys are characterized by high
concentra i 0 n-staboiZing éddlementsThese group otlloys are less stable comparedite
otherseand most of t-phasglLugering anoMdilibm, 200f). b

2.1.3 Ti6AI4V alloy

TheTi6AI4V also known as Ti64 ia titanium alloy that is made up Of b phasesTi6Al4V
is known as the mostly used titanium alloy over other titanium a({®gmiatinet al, 1997;
Lutjering, 1999 Alcisto et al,, 2013. The microstructue of the alloyconsist® f andb-phase
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atroom temperature (Pederson and Babushkin, 008 90% volume fraction ot-phase
(Facchini et al, 2010) Heat treating this alloycan result in the manipulation of its
microstructurewhich gives improved mechanicgroperties(Sieniawskj 1997; Lutjering,
1999 Markovskya and Semiatin, 20L1Physical properties of Ti6AI4V are shown Trable
2.1

Table 2.1: Physical properties of Ti6Al4V (Yan and Yu, 2015).

Physical property Value
Density of 4.43 glcm
Density of 3.89 g/cm
Solidus temperature 1604°C
Liquidus temperature 1660°C

Ti6Al4V is widely used in aerengine space shuttlesnd othehigh-performancepplications
(Lutjering and William, 2007)In the aerospace industry, Ti6Al4V @l is significant for
structural materialgWilliam and Starke2003) The mechanichproperties of Ti6Al4V are
givenin Table2.2.

Table 2.2: Mechanical properties of Ti6Al4V (Yan and Yu, 2015).

Mechanical property Value
Tensile strength, yieldd 880 MPa
Tensile strength, Ultimate (UTS) 950 MPa
Elongation ¥) 14%
Hardness 349HV
Young modulusik) 113.8 GPa
Fatigue strength (at 1*1@ycles) 240 MPa

Fatigue strength (unnoted at 1*10 cycles) 510 MPa

Fracture toughness 75 MPa
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2.1.4 Phase diagram of Ti6Al4V

The microstructure of Ti6AI4V is mainlgdependent omow U + b phasesare dispersedA
Ti6Al4V phase diagrantan be used to understand the behavioral relatioresfdgphase
transformations othealloy. The phase diagrawf Ti6AI4V is shown in Figure 2.3

1200 , B phase
i (BCO)
1100
O :
. S 1050°C
® 1000 F
E : 995°C
o
S 900
5 E 3
P 800 i
: - 750°C
700 :  Ms >
0 4 8
%V in Ti-6Al

Figure 2.3: Phase diagramfor Ti6AI4V (Majumdar et al 2019).

The two phasesf Ti6AI4V alloy( U @mmlawsitso mposi ti on t o -fhasel y tr
upon heati nagplbuust orre truertna iphesedpbricootingasdepictedroy d b
Figure 2.3 Theb-transugs defined as theemperaturavhereby other phases transform to full

b p hThefetransustenperature will be discussed wtetail in Section 2.5.2 The other

important temperatusethat are indicated ahe phasealiagram aréghe martensite starivs)

and martensite finishes(Ms) which representsthe temperatures where martensite

transformation stés and finishes.
2.2 Manufacturing of Ti6AI4V alloy

2.2.1 Traditional methods

Conventionalmethodsare used to manufacturganium and its alloysThese techniques
includecasting forgingandpowdermetallurgy(PM). There are seeral disadvantages these

techniquesthat make ther processesindesirable in the manufacturing industry. Materials

12



wastage, long production times and high tooling costs are amongst some of the disadvantages.
In addition,manufacturing of complex structures is not possible thi¢ttonventional methods

(Boyer and Brggs, 2005Alcisto et al, 2011) During the last decade, Ak&chnologyhas

been developed and intensively investigated for manufacturing of various metallic materials
for various applicationsespecially Ti6Al4Valloy (Kasperovichand Hausmann, 2015Jhe

AM technolgiesoffer many advantages over conventional methods becatlssrafproved

design freedon(Tiferetet al, 2016;Heet al, 2019.

In terms of microstructuse AM techniques produce microstructures thatdifierent to the
ones produced by traditional methodsccording to Yanet al (2018, the Ti6Al4V
microstructure produced by P homogeneouslue to the low cooling rates used by most

sinterecpracticesHowever porosity is still a major problem on thssintered microstructure.

2.2.2 Additive manufacturing techniques

American Sandard Testing Method (ASTM) F2921 definesAM as a manufacturing
method that opposes conventional methods, whereby shjeanade byoining materialayer
upon layerfrom cortrol aided designGAD) data.There are various AM techniques that exist
but most of them differ according to material feedstdtie AM techniques allow for greater
freedomof design, geometrical freedom and material flexibilllyabe and Quinn, 201.3AM
involves takinginformation from CAD modelsto manufacture 3D componentBhe next

sections focused on some of Akthniques used today.

2.2.2.1 Electronbeam melting (EBM)

It was mentioned in Section 2.2.2 that there are various AM techniques that exisecTion
beam melting EBM) is definedas AM techniquewhich uses an electron beam, as an energy

source(Galaraggeet al, 2016. The electron beammeltingprocess is depicted in Figure 2.4
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Figure 2.4: EBM process Biamo et al, 2010.

There are four majgrocess parameteisathavesignificant effect on the produced pdrhese
parameters includeeam power, beam diameter, scan spe®tipreheat temperature (Gong

et al, 2014) However,there are othr parameterthat can be controlled by the softwatech

asline offset, beam current, hatch pattern and rotation angle between consecutive hatches
(Mahale,2014 RoveloandFraunhofer2016. EBM hasattracted #ientionin the biomedical,
aerospacedudries and somepplicationwherestructural complexity is importaf@Galarraga

et al, 2017).

The unique characteristics offered by EBM over other techniques include drighgy
efficiency, high preheating temperatur&jgh scaning and moderate operatial cost{Gong

et al, 2012) The advantages of EBM over conventional manufacturing technologies include
less design constraingeometrical freéom, neainet shape production anekight reduction
(Cormieret al, 2004; Gaytaet al, 2009;Yu et al, 20®). In addition EBM offers the ability

to eliminateadditional post processingafter the component is producékhe ability to melt
powder with an electromakes EBM a manufacturing process that accommsdigterent
materials alloysincluding aluminum alloys, cobaltbased superalloygitanium alloysand
others(Gaytanet al.,, 2009;Yu et al, 2009).

14



There are two important magnetic coils, namédgus and deflection coils that consdhe
electron beam to preferred point and diameter, respectiiFgyre 2.4).Oncethe electron
beam has scanned the powd@erother powder layer is deposit&he processepeatand stops
whenthecomponent has formd@onget al, 2012) The entirgorocesss conducted ivacuum
to minimise reaction with oxygen on theproduced componentdNhen building of the

components completedjt is removed from thehambemhen it is at low temperature

Despite all the interesting advantages displayed by EBMie are some few process
deficiencies thatomewith this techniqueThese deficiencies includeart defectsguality
variation and process instabilifi¢ah and Lutzmann, 20L0The electron beam may result in
insufficient energy transmission to the powder, which may cewedepool instabilities and
thatresultin the bdling effect (Cansizogluet al, 2008).Paosity due to gas entrapment is a
usual defect in EBM. Gaytaet al (2009)studied porosity formation durirgBM, and it was
found thatit is possible to eliminate the pores and voids on the produced componesihgy
heat treatment that is commonly known fast isostatic pressing (HIPAnother EBM
deficiency is the buildip of residual stresses which are inducedabyd thermal gradigs In
some cases, tHwnding abiliy amongst the layers is lesghich maylead todelaminatiorof

the produced pafBchwerdtfegeet al, 2009).

There are several studies thatused ommicrostructural and mechanical propertie &M
coupons comparing them withwrought Ti6AI4V parts It is important to compare the
microstricture because they act as fingerprints of the mechanical propedikset al (2011
comparedli6Al4V microstructures thawereproduced byEBM andthatof castedTi6AI4V.

The micretructures are shown in Figure 2.5
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The EBM produced Ti6Al4Vmicrostructureexhibiteda lamella U-phaseand martensiteU-
phaseplateletsas shown irFigure2.5a) which gaverise to increased hardne@durr et al,

2009) The martensitéJ-phaseformation was due to rapid cooling and solidificatituring

EBM printing. The microstructure obtainedbya st i ng ¢ o mp o sfegdinAE gl obu
compared to the microstructuobtained by casting presentedrigure 2.%b), Uphase of the
EBMproduced Ti 6AlI 4V was found on (Gulzaetd, gr ai n
2009. In contrast, daket weavel+ b microstructure was observed IB#dar et al (20129

on EBM produced Ti6Al4V part&However in this casel) abn dp hfarses platelets and

b rlikedhapes, respectivelyn t he ¢ ol u nsromathemiprosiruoture. b gr ai n

In addition Safdaret al (2012 has indicated that Ti6AI4V samples produced from EBM
showsfully lamellar microstructurenade up of fine grains due tapid cooling. Furthermore,
theseauthorsobservedhe heat conduction direction same to ¢cbimnar mophology. They
attributed the domnar grains tahermal gradientsA study byAntonysamyet al (2013)has
reportedhatelongated shape is responsibledtvongfiber textureandis due to thenovement
melt pool Three phases which atemartensitd) a n dohaBevere reportedn EBMTi6AI4V
microstructurgGulzaret al, 2009; Fachini et al, 2009).

The EBM Ti6AIl4V parts possessedy higher ultimate tensile strength (UTSnd low
elongationcompared tonvroughtcounterparts (Facchimt al. 2009).However,Koike et al
(2011 reported an opposite observation by reporting highies and ductilityfor wroughtand
castTi6Al4V counterpartsThe differentobservatios wereattributed to the difference in built

parameters whictloes not gie the samenaterial feature§Gonget al, 2012).

2.2.2.2 Laser engineeredet shaping

In contrast to PBRhelaser engineednet shaping(ENS) uses alirectedenergydeposition
(DED) powder blownmethod. This technique involves the injection of metal powtera
melt pool thatpromotemelting and solidification of powder, therelgyroducing3D pars
(Arthur and Pityana, 2018Jhis AM technique useshagh-powerlaser as a soured energy
A diagram showing the proces6LENS is depicted in Figure@
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Figure 2.6: Schematic representation of LENSrocess (Zhaiet al, 2016).

The processingrinciple of theLENS includesa deposition substrate that needs to be aligned
to astarting position of interest The process takes place in arert atmosphereo eliminate
oxidation during pnting. A small molten pool is created of the powder by the laSbe

movement of deposition is created and controlled by CAD (iMeslgeand Walt 2007).

Some of the importantharacteristics of LENS are low heat inputs and minimal distortion.
According to Mudge and Walt (2@} due to the small melt poolsed by LENS, the deposit
material coolsfast which results in the generatioof a fine grain structure that may be
compaable to wrought components. Figu2er shows Ti6Al4V microstructures of LENS
produced sample aridat ofwrought sample
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Figure 2.7: Microstructures of Ti6Al4V samples produced bya) LENS technique (b) Wrought (Zhai et
al., 201§.
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The asproduced microstructure of Ti6Al4V sample produced by LENS process&as
characterized by sharp needilee martersitic U-phaseshown inFigure 2.7(a) (Qiu et al,

2015. Thewroughtmicrostructurepresented ifrigure 2.7b ) s h o ws -phages.ltasx e d
evident that LEN$roducedand wroughtli6Al4V microstructures ardifferent. LENS offers
advantages such as environnarriendlinesscreation of smalleheat affected zone (HAZ),
production of components in less time, reduced material waste, greater abgiggt$arepair
anddigital flexible processingQiu et al, 2015; Zhaket al, 2016)

The LENS is capable of pcessing different metals and alloys which inclutnium, steel

and nickelbased super alloy&hai et al, 2016) Since LENS is an AM technique,dtso has

its ownchallengesStructural defects and part distortion are common igSugst al, 2015.

On their study on microstructure and texture evolution of Ti6Al4Kobryn et al (2003)
showedthat there are two types of microstructural pores that are foundedis lproduced
Ti6Al4V components.Spherically shapedas pores angoresdue to insufficiat melting
which wually forms at the interfaces between layardshow elongated or irregular shape
According to Quiet al (2015) correctly adjusting the rate at which powder is fed, and using

moderatdaser poweachiewes a part with minimum porosity

Thermal stress developmentssultant distortiomf substratef the produced componeate
other challenge These challenges may lead to component failure. A study by &aat
(2011) investigatedresidual stress measuremeats LENS produced Ti6lV and showed

high level of distributedtress in the produced components.

2.2.2.3 Selective laser melting

Selective laser melting (SLM$ anothermetal PBF technique slightly different from EBM
that was discussed iection 2.2.2.1.This manufacturing techgue is regarded as a
revolutionary emerging technology (Sabbanal, 2019. It is an AM technique that is
constructedn an infraed fiber lasecapable otreating solidhear net metallic shaped parts
layer-by-layer frompowder material according @AD modek (Kruth et al,, 2007; Thijst al,
2010; Vranckeret al, 2012;Simonelliet al, 2019. Figure 2.8llustrate the SLM technique
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Figure 2.8: Schematic representation of SLM process.

The SLM hasgained moreinterest in the aerospacelectronics chemical biomedicaland
otherindustrieswhere various products such as aircrafbines, pressure vessels and surgical
implants are usedA(cisto et al, 2011, Villaroet al, 2011;Shipleyet al, 2018 Zuback and
Debroy, 2018)During production of a componerd, CAD model isnsertednto the maching
whereit is divided intolayers(usually between 2200 um) by softwareA fine powder which

is a feed stock iplacedon top of the base plate just aleahe build platformThen the CAD
informationleads the laser to scan the metal powdarsmall portion ofthe partis formed
when the scanned powdeelt and solidifes The processs repeag¢d severallyand complete

oncea 3D part is forme@Rafi et al., 2013 Simonelliet al, 2019.

After removal of the part, most of the unconsolidated powdemmved and can be-tesed.

The main process parameters in SLM are laser power, scanning speed, hatch spacing and layer
thickness (Rafet al, 2013). The SM processisuallytake place in argon purged environment

to reduce oxygen content. The Sltéthniquas mostly accompaniekigh heating and cooling
rateswhich result information of nonhomogeneous structufgrackenet al, 2012; Rafiet

al., 2013;Kaspeovich et al, 2016) SLM offers advantages which inclugeodudion of

complex geometries, time saving, ability to produceshetped structures, reduced wastaige
material improvedflexibility (Villaro et al, 2011) Furthermoe, SLM is capable of coveag
complexalloy powdes including stainless steel, cobalt, chromium, titanium and many more
alloys(Markovskyaet al, 2011; Rafet al, 2013).
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2.2.3 Procesing parameters

Defects formation on rorostructure depends on prodeggparameters such as layeickness,
scan strategy, hatch spacing, scan speed and laser power during SLM (Vetralke&913.
Improper adjustment ofrpcesgparameter can form defecBalling effect (formation of small
particles), porosity and lack dfision are such types defects. Hhwever,balling effect can
also be influenced by material properties @al., 2012) If the energy density is not optimal,
the working temperature witleinsufficient to melt thgpowder Energy densityE) is avariable
that definesthe densifcation of material (Attar et al, 2014). The eergy density equation
definesthe average applied energy per volume of matdtgliation 1 shows the energy density

equation

E=— 1)

WhereP is the laser poweg{W), v is the laser scanning spe@dm/s),h is the hatch spacing
(mm) andt is the layer thicknesémm). The energy densityariables havea tendency to
deterninea process window fananufacturinggompletelydense componerfigure 2.9 shows
the relationship between relative density and laser energy density as describeddiyaHan
(2017).
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Figure 2.9: Relationship between energy density and relative densiffHan et al, 2017)
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Figure2.9 shows that relative density increase with increalsiegr energy densitiyom 60

Jimn? to 120 J/mras represented by zone |. However, the relative density obtained in this
latter region was not maximurAs the energy density increadeom 120 J/mmto 180 J/mm

(zone Il in Figure 2.9)therelative densit increased to maximumwalue above 99.95%7 his

was an indication processing using the energy densities in this randgk resuit in almost

fully dense sampleThe relative density decreased when the laser energy density increased
from 180 J/mrito 240 J/mmwhich is demonstrated by zone Il ingEre 2.9. This implies

that applying energy densities in this region will tesin parts with defects, which can lead

to part failure Partfailure will result in lowering of the production rate, powder and energy

wastage.

Han et al (2017) defined process window of 12002 J/mm energydensitiesin order to
produce Ti6AI4V comppents with99% relativedensity (Figure 2.9. However, a different
process window of 48.6194 J/mm wasreportecby Cunninghanet al (2016) The reporting

of different process windowsdicatesa difference in parts density that can be obtained by
usingthe same energy densiti@is study will make use of samples that are produced with
energy density that fall within the range 48114 J/mm?.

2.2.4 Challenges associated with SLM technique

According to literature, the threeain challenges that come withatSLM processre (i) he
generation microstructure that is differenmmrostructurgoroduced by conventional methods

(i) fabrication components with defects such as porosity, delamination, lack of fusion of layers
and balling and (iii) the developmaeitresidual stresses (@&t al, 2012;Leuderset al, 2013;

Liu et al, 2014; Xuet al, 2015; Wysocki et al, 2017) Due to high cooling rates
microstructure of SLM produced Ti6Al4V composesf acicular martensité-phasewhich is

very brittle(Thijs et al, 2010; Vilaroet al, 2011;Guet al, 2012;Xu et al, 2015;Wysockiet

al., 2017 Ahmadiet al, 2019. As a result, SLM produced Ti6Al4V components have a
tendency of having high tensile strength and poor ducéihtyassociated with limited feyue

life (Vilaro et al, 2011;Vranckenet al., 2012)

Thesecond challenge ialfrication components wifiorosity, delaminatioandballing, which
then greatly affect the fatigysopertieGuet al, 2012; Leuderst al, 2013;Liu et al, 2016.
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Figure 2.10 demonstrate porosity on SLM produce Ti6Al4dbmponents attainedy
Kasperovichet al (2016).
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Figure 2.10: lllustration of the effect of energydensity on porosity(a) 58J/mm?, (b) 117J/mm?2 and (d)
292 J/mm? (Kasperovich et al, 2016)

Goodcontrol on energy density (or process parameters) deterthmasnount porosity on the
produced components. For examjitiean be seen from Figures 2.10(a) and 2.10(c) thadrlow
and higher energy densés, respectively, resultedvith high porosity on the produced
component whilst moderate energy densaty demonstrated bffigure 2.1@b) let to a
component with very low porosity.he size of the pores alsiependon the energy dengit
(or process paranmats) usedSonget al (2012) recommended laser power of Y @nd scan
speed of 0.4n/s in order to obtaifi6Al4V parts withmaximum densitylt should be noted
that there arether applicatiors such as medical iplantswherebyporous structures have
addtional advantage over futlensity materials (Warnket al, 2009).

Tonget al (2017 pointed outroughnesss another challenge associated with Sireiduced
part This resultsfrom partially ard/or unmelted powder that has a tendency to stick on the
surface of thesurfacepart The development of residual stressess found to be another
challengeassociated with SLM. These residual stressesesuling from high cooling rates
and temperaturgradients of the SLM techniqudowever,Rafi et al (2013) andAlgius et al
(2018)revealed that powder bed pneating helps in reducing theild-up of residual stresses
whenprodudng the pars.

2.3 Microstructure of SLM Ti6AIl4V produced components
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It wasdiscussedn Section 2.2 that SLM process parameteasnd thermal historgetermine
microstructurakvolutionof Ti6AI4V componentgRafi et al,, 2013). her microstructurs in
theasproducedconditionarecharacterized by ar ge el ongated prior b ¢
along the build direction filled wlit actular martensitidJ-laths inside Thijs et al, 2010;

Vilaro et al, 2011; Gwet al, 2012; Songt al, 2012;Sabbaret al, 2019. A study byLekoadi

et al (2019 evaluated the microstructure of SLM Ti6Al4Vmponents that were produced at

high power and speed. Figuzel1shows the microstructure that was obtained.

Figure 2.11: SLM produced Ti6Al4V microstructure at different magnifications (Lekoadi et al, 2019)

A columnar shaped structure that grew in the direction of build was reféitpde 2.11b)
The columnamorphology was attributed ®p i t a x i a | -phasevbennewly farrhed b
layer partialy re-melt previous layerg¢Eylon and Froes, 199Chijs et al, 2010; Songet al.,
2012;Wu et al, 201§. The martensitidJ-lath thenslowly growin the columnar grain as the
laser mwesaway acoss the powder bed (Raf al, 2013) This martensit&)-phaseesults in
low ductility and anisotropyn the produced componerftgdanckenet al, 2012;Simonelliet
al., 2014;SallicaLevaet al, 2018)

This is of major concern because #sbuilt microstructure is not the samethat of wrought
Ti6Al4V componens of the same compositioihis implies that in the asuilt condition, SLM
produced sample are not ready for application. There are vaneasures that can be used to
improve the microstictures which include thermomechanical processing or heat treatment. In
actual factan impoved microstructure with improved mechanical properties carbtzened

by heat treating SLM processed Ti6AI4V components using appropriate heat treatment

parametes.
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