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Abstract

Scalmalloy is an AMg-ScZr modified aluminium alloy specifically designed for tteeser
powder bed fusioflLPBF) additive manufacturing process of Selective Laser Melting (SLM).
This thesis investigates the processiagd manufacture ofScalmalloy in an Additive
Manufacturing (M) 400 Renishawaser beam melting (LBMjnachineand the effecpost
processing treatents(heat treatmentold rolling anda combination oheat treatmerdnd cold
rolling) and gas tungsten arc welding (GTAW) haa the mechanical properties and
microstructuresf Scalmalloywhen compared tds asbuilt structire. Heat treatments well
reported in the literature, however there is opportunity to explore different heat treatment
conditions. Cold rolling has not been widely reported for Scalmaltal/ offers a novel area to
study its effect oiscalmalloy Lastly, GTAW of Scalmalloy has not been repoiitethe literature
andoffers solutions to join compleadditively manufacturegarts together artd join Scalmalloy
parts topre-existing structures. Hence, this tfseis comprised of three main studies
1. Experimental works werearried out tadetermine optimaSLM parameter$or Scalmalloy
usingan AM Renishaw LBMmachine withconstant parameters 400W laser powedayer
thickness oBOum and hatch distance of 150 Emergy volume densities were then modified
to establish an optimum rangéindingsshowed thasamples manufacturedth an energy
volume densitybetween70J/mn? and 110J/mrresulted in samplewith >99% relative
densities Furthermore, it washown that the influence of the layout positafreach sample
on the build platformhad very little impact on relative densities. Therefaptimal
processing parameters were found with 400W laser power, allowing productivity to be
increased when compareddarrentliteratureemploying200W laser power.
2. Scalmalloy sampkmanufactured using thaptimal SLM process parameters from the first
study were subjected to cold rolling, heat treatment and a combination oSbalimalloy in
its as built conditioncan possess reasonably higinsile strengthswhich can be further
increased by hedteatment,and in turn, the microstructure is also refinehen hea
treatment was applied an immediate increas&4®%% occurred while subsequent heat
treatment had slightly lower valudse to slighbver ageindutremained higher than tfas
built condition. Once cold rolling was applied to the as built condélorost no increase was
evident thought to be due to the low rolling reductioowever when cold rolling artekat
treatment was appliechammediate increase @84% occurred. The grain size distribution
was consistent with literature for the built condition, however, it was increased by the cold
rolling due to elongatiof the grains. Overall, the application leéattreatment and cold
rolling had a positive effect on the microstructure of Scalmalédiected in its increased
mechanical properties.
3. GTAW was performedo join Scalmalloy to itself and to extrudeduminiumalloys using
standard welding parameteesnployed to weld conventionally manufacturgdminium

alloys.High porosity and defects were found in the welded joint leading to poor mechanical
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propertiedikely due toreleaseof hydrogercontent within the&scalmalloybase metal. Hence,
standard welding parameteaise feasible to be uséor GTAW of Scalmalloyputonly as a
starting point highlighting that parameters cannot be simply transferred from one alloy to
another, but rather have to be modified in order to achieve optimum results.
The main output of this thesis is that the academic community would have a better understanding
of the effect thatdifferent heat treatmentnethods cold rolling and GTAW have on the
microstructure and mechanical properties of Scalmalldgnce,providing a modified heat
treatmentthan the typical heat treatment reported in the literatumd providing info on cold
rolling of additively manufacturedomponentswhich has not been widely reportéd addition,
to evaluatingthe feasibility of welding Scalmlloy using standard welding parameters for
conventionally manufactured aluminium allpysonsequently,aiming to eliminate size

limitations in additive manufacturing and reduce manufacturing.costs
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Chapter 1 Introduction

Aluminium is often used as an alleyith elementsuch as magnesium, zinc, and silicamthese
increasdts mechanical and physical propertiéduminium alloys are one of the most common
metal alloys used within society today due to their good mechanical properties, corrosion
resistance and high strength to density r@tazoff, Khvan, Zolotorevsky, Belov, & Dinsdale,
2019b; Rabinovich, 2013Aluminium alloys are used in conventional manufacturing processes,
such as extrusion and casting. However, it has recently been introducettha@nadditive
manufacturing process ti#ser powder bed fusion (LPBRyhere components are manufactured

in a closed vacuum chamber where metal powder is melted and solidified to build the component
according to its predefined geometry in a laggdayer fashion(Aboulkhair et al., 2019)
Although, it has proven difficult to hone the properties of aluminium alloys to be suitatdedor
powder bed fusion (LPBFprocesseglue to solidification cracking tendencies and its high
reflectivity (Aversa et al., 2019 Scalmalloy was developday Airbus Group Innovatiomvera

period of20 years specifically fothe LPBF process of selective laser melt{SgM) and have
exhibited enhanced mechanical properties comparedneentionallymanufactured aluminium
alloys due to the addition of scandium and zircon{i®nLi et al., 2017)This LPBF process
requires specific parameters gaccessfully manufacture Scalmalloy, hence, thesevarious
studies that have reported the processing parameters for specific machindgferrdt
compositiors of Scalmalloy(R. Li et al., 2019; R. Li et al., 2017; A. B. Spierings, Dawson,
Dumitraschkewitz, Pogatscher, & Wegener, 2018; A. B. Spierings, Dawson, Heeling, et al., 2017)
. However it was necessary to carry out a study to manufacture Scalmakdy #00 Renishaw

LBM machinethe machine used in this research, as it has not been widely reported.

Heat treatment is often used as a post processing treatment to further increase and refine
Scalmalloy mechanical properties and microstructyBchmidtke, Palm, Hawkins, &
Emmelmann, 2011; A. B. Spierings, Dawson, Kern, Palm, & Wegener, .28itff1dugh, heat
treatment of Scalmalloy has been reported well, there is further room to explore different heat
temperature ranges and holding times. Cold rolling is another post processing treatment used to
increase mechanical properties and improve therastructure of some aluminium alloys,
especially for the AMg alloys,the type of aluminium alloy group th&talmalloybelong to(B.

Wang, Chen, Pan, Mao, & Fang, 2015bhis is a topic of interest for Scalmalloy, however, there

is no application yet, for this to be applied to additively manufactured parts, but the effect it may
have on the mechanical properties and microstructure of Scalmadipprove interesting, hence,
thesewill be observed and reported in addition to comparing the findings to extruded aluminium

alloys.

The size of additively manufactureg@omponentss hugely dictated by the size of the build

chamberof the additive manufacturing machinespecially for components manufactured by
1



LPBF (Matilainen, Pekkarinen, & Salminen, 201Busion welding of Scalmalloy can eliminate
the size limitations of additively manufactured componestseveral smallecomponents may
be joined together through weldirlg.addition, addtively manufactured parts catsobe joined
to preexisting strutural elements and conventionally manufactured aluminium attofiether
compensate for sizing limitationBotential cost reductiomsay also be a bgroductof this asit
caneliminake the need toe-manufacturea whole componenisingLPBF processesvhich can
be costly(Braun et al., 2023)Although, welding of Scalmalloys seldom reported in the
literature welding of aluminium alloys is very common and often ystakem, Lebaili, Miroud,
Bentaleb, & Toukali, 2012; Shanavas & Dhas, 2017; G. Xu et al., 20{d3)ce, these topics will
be studied in greater depth and detail in the following chapters.

1.1 Objectives/ Aim ofstudy

This thesis build on the existing literaturandis aimed aidevelopingScalmalloyprocessing
parametes to manufactue full (>99%) density samples with acceptable dimensional accuracy
and surface roughness of thehaslt structurein an AM400 Renishaw.BM machine and
attempting to provide a comprehensive investigation analysison the effect that post
processing treatments and GTAW welding have on the microstructural chasticterand
mechanical properties of Scalmall@t.present, the literatur@oes not fully explain the effect of
heat treating at various temperatures and holding times, cold rolling, nor a combination of these.
It also does nddtatethe feasibility of using GTAW in the welding of Scalmalloy to join structural
components to one anothand to conventionally manufacturedomporents, therefore the
research questions are as follows:

1 Post Processing Treatments for ScalmallbyVhat effect does different heat treatment
conditions (temperature, holding times) have on the microstructure and mechanical
properties of Scalmalloy compared to the standard@G28h reported in literature? What
are the effects that heat treatment (with differing conditions) only, cold rolling only, and
cold rolling with heat treatment have on the microstructure and mechanical properties
of Scalmalloy?

1 Welding of Scalmalloy- Is it feasible touse GTAWto join Scalmalloyto itself andto
extruded aluminium allsusing standard GTAW welding parameters for conventionally
manufactured aluminium alloys? What is the effect of GTAW standard welding
parameters on the microstructure and mechanical propedid¢be welded joinfsand
how does the welded joint perform in terms of structural integrity?

This thesis will attempt to answer the above research questitimfull analysis and discussion

of theresults



1.2 Layout

This thesis follows a traditional layout in the following order: Chapter 2 consistsinfdapth
literature review, Chapter 3 consists of the design of study (experimental procedure), Chapters 4
to 6 consist of the results and discussion, and, finally, Chapter 7 consists safnthgary,
conclusions anduture recommendationsf the work on hand It is comprised othree main
research topicd-irstly, a selective laser melting parameter study conducted to determine suitable
process parameters for Scalmalloy in AW400 Renishaw.BM machineusing 400W laser

power. This involved necessary steps such as powder characterisation, verification of several
SLM process parameters from literature, and then an evaluation of the SLM parameters through
mechanical testing. Once these were verified, the SLM parameters wesa bhssd on findings

and then three additional build jobs were performeabliservesample reproducibility and
influence of layout positioron the build platform Secondly,Scalmalloy underwent post
processing treatment such as heat treatment and cdlijrdleat treatmentonditionswere

based otiterature, and cold rollingvasperformed according to literature recommendations for
extrudedaluminium alloys as there is little to no published research on this for Scalmalloy.
Thirdly, gas tungsten anvelding (GTAW) of Scalmalloywas performed using typical welding
parameters for conventionally manufactured aluminium alloys. Finally, subsequent testing and
analysis were performed on @&@ktalmalloysamples to observe microstructural evolution and
changes inmechanical propertiesAdditionally, extruded aluminium alloys were used as

comparison and a bagsadifor the research on hand



Chapter 2 Background/ Literature review

2.1 Aluminium

This section providesan introductionof Aluminium. Its history, classification, material
properties, and applicatiomse discussedarticularly theAl-Mg groupas this is th@luminium

alloy group this research is based upon.

2.1.1History and classification

Aluminium hast h e s y mlatonhic néinfbér @f 1andis the third most common metallic
elemant used globallyAl is a nonferrousmetallic substance having a silwehite appearance
andma kes up aboutscrBsYSamtds Juhidr,MacBaale, Falc® Sales, Barrozo, &
Ezugwu, 2016)Aluminium was first discovered and named in 1897Sir Humphry Davylts
name comes from the Latin wofdlumd which refers to a white mineral used in dyeing during
ancient times and the Greek wdidlumerd which refers to a bittesubstance. Although, Sir
Humphry Davyfirst named the metdlaluminun®, it was later changed to aluminiytmowever
fialuminunois still used in the US todgiKvande, 2008)

Aluminiumis ahighly reactive materiahat oxidises quickly angroveddifficult to isolate in its
elementaform. Hans Christian Orstegitracteda very small amount of impure aluminium using
potassium amalgain 1825 Two years laterFriedrich Wohletbuilt on ChristiaGs method and
was the first tasolate aluminium in its pure for. Aluminium possesdvaluable properties such

as corrosion resistance, high strength to densityaaticexcellent electrical propertiéowever,
Wohl er 6 s amet @lomyipdduced smallamounts and it was expensive due to the
neededpotassim (Rabinovich, 2013)With its favourablepropertiesand expensive extraction
process al umi ni um became ghtaftebahd ekphnsivemetals Hudnlys mo
t he 1vanded2008; Santos Junior et al., 2011611886, Charles Martin Hall, an American
engineer, and Paul Heroult, a French engineer, both developed separately tHerblatl
processin which electrolysis of alumina in molten cryolite was used to separate aluminium.
Another method was developbdsed upothe HallHeroult Process, called the Bayer method
where aluminium was extracted frobauxite. Bothprocesses are still used today to extract
aluminium. Now that theHall-Heroultand Bayemethodhasallowed alumimnum to be extracted
easily andmore cost efficientthe price plummetedas production of alumirum soaredrom
45,000tonnes in 1933 to 17.3 million tonnes in 1988 ewgk even further t68.3 million tonnes

in 2016 making alumirum one of the most availabteetals in the worldAshkenazi, 2019;
Rabinovich, 2013; Santos Junior et al., 2016)



2.1.2 Material properties and physical metallurgy

Aluminium, in its purest formhas very low hardnesmdis veryductile. Ithas a faceentred
cubic unit cell(FCC) structure, a melting temperature of 860a low density of 2,700kg/frat
room temperature anensilestrengths as low as 10MPa. Pure aluminium is typiazakd in
electrical and chemical application€ommercial aluminium alloys were developeavith
increasd strengths by adding elemersisch as zinc (Zn), copper (Cu), silicon (Si), magnesium
(Mg) andmanganese MnThese el ement s ar e ous Wglrdieyreats ydwn
as these are addamlinfluencemicrostructure and propertiédshkenazi, 2019; Glazoff, Khvan,
Zolotorevsky, Belov, & Dinsdale, 2019afig. 2.1 showsthat these elementsossess solid
solubility in aluminiumand this solubility increases with temperathnewn as either ancillary
additions (dopants) or impuriti€Slazoff et al., 2019a) Eutectic phase diagrams are formed
from the basic alloying elements usedalaminium, shown in Fig 2.2a shows amluminium
binary phase diagram with eutectic allmyadditions while Fig. 2.2b shows the phase diagram
of aluminiumalloyswith the addition of typical allapg elements Fig. 2.3a shows the typical
microstructure o$olid solution alloys such asA&lu and AtMg exemplified by a nonequilibrium
eutectic reaction that vanishes after T6 heat treatment2 Bmshows hypoeutectic alloys with
two-phase structurdike Al-Si alloys. kg. 2.3c typically represent eutectic alloys where basic
elements are the primary microstructural components and fiR&dly2.3d represent alloys
containing many phases with cryst@dshkenazi, 2019; Glazoff et al., 2019a)

x i:_c_':Mn -1 1200
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Fig. 2.1 Binary solid solubility as a function of temperature for basic alloying elementalianinium
(Callister, 2014)
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Fig. 2.2 a) Albinary phasediagram witheutecticalloys, b) Atbinary phasediagram fortypical alloys
(Glazoff et al., 2019a)
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Fig. 2.3 Typicalmicrostructures obasicbinary aluminiumalloys for the phases presented in Fig. at2
X1, X2, X3 and X4 pointsa) X1, b) X2, c) X3, d) X4 from Fig. A@lazoff et al., 2019a)

2.1.3 Classification strengthening methods,and application

The first aluminium alloy developed was the $#Mg heat treatable alloy used in railroad and
automotive applications with many more being developed (Atgtkenazi, 2019)Aluminium
alloys are classified into heat treatable (cast) anehea treatable (wrought). The hdsdatable
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alloys are those whose strength and hardness can be manipulated through heat, whieghie non
treatable (wrought) aluminium alloys are those whose strength and hardness can be manipulated
by plastic deformation such as rolling stretching and preq€atjister, 2014; Hornbogen &
Starkejr, 1993; Rao, Vasu, Govindaraju, & Srinadh, 2014; Westermann, Pedersen, Furu, Barvik,
& Hopperstad, 2014)A typical heat treatment used for aluminium alloys is T6 heat treatment.
This process is graphically explained in Fig. 2.4 using an example of both the solution treatment
and ageing treatments for a 6061 Al alldfe 6061 Al alloy is heated up to a high temperature
(585°C) and held there for a short time (30 mins) where this is called solutionising (solution
treatment), themvater quenching immediately follows and suppresses any precipitation during
cooling. Precipitates that occur after quenching frosoktionised state are called primary
precipitates. Next, the material is heated up to a low temperature for a designated time, then air
cooled. The remaining solutes are in a supersaturated state to allow for precipitation hardening.
In this hardening sp, secondary phase particles are formed called secondary precipitates that are
normally only nanometres in siz@agle et al., 2016)

Solution Treatment Region
T (Solutionising)

i ¥ hr h Schematic of T6 heat
585 |---F~ ]
| treatment experiment for
';‘ Al6061+SiC+NiTi Composite

Water Quench (WQ)

Ageing Treatment Region

Temperature (°C)

177

L J

Time (hour)

Fig. 2.4 Schematic showing the stages of solution treatment and ageing treatment forauBHBilum
alloy adapted fom (Chaudhury, Hailat, Liu, & Newaz, 2010)

The nonrheattreatable alloys are strengthened by strain hardening induced by cold working or
some form of plastic deformation. This increases dislocation density impeding dislocation

movement and is normally performed at ambient tempera{Qatister, 2014; Hornbogen &
7



Starkejr, 1993; Rao et al., 2014; Westermann et al., 20hd)amount of cold work that has been

applied to a material can be expresasd

Pw —— opmm Equation2.1

whereCW= the amount of cold work performed on the matefa; the originalcrosssectional

area before cold working, am = the decreasedrosssectionalarea of the material after cold
work. Cold work increases strengthamatically;however this is at the expense of ductility and
elongatiorrepresenteth Fig. 2.5.Fig. 2.6 shows a graphical representation of the elements used
to produce the basic aluminium alloys. According to the American Societefting Materials
(ASTM), these groups are classified &0, 2000, 3000, 4000, 5000, 6000, 7000and &00series
aluminium alloys. The first digit represents the alloy group, the second and third digits indicate
aluminium purity and the last digit indicates the Al form either ingot or casting
(Sivaramakrishnan, 1995)able 2-1 showsthe aluminum classificatiorand commoralloying
elements propertiesand applicationsfor each seriegPolmear, Qian, StJohn, & Nie, 2017;
Zahner, 2019)Aluminium is very versatile and can be used in various fields such as weaponry,
construction, aerospace, automotive and marine applicgfahsear et al., 2017)

2.1.4 AFMg alloys

The Al-Mg alloys also known as th€@80series will be the main Al alloy group of interest in this
research as Scalmalloy, is derived from this group of Al alloys. The second major alloying
element, Mg, is responsible for solid solution hardening in these dlBoy&/ang et al., 2015)

Three intermetallic phases exist forkig alloys- b-AlsMg» with composition range 38:40.3

at %phdalse with the comp oAlbMgvatha corfposiich raage 9% Mg a
60.5 at% Mg. These are represented in thélglphase diagram shown in Fig. 2.7. All-Kg

alloys are in the singphase ( U) region and the FCC str
increasing Mg content. Alg alloys cannot be age hardened theincreased Mg content
increases its response to cold working rate, whiatldeo intercrystalline failure at the slip band

due to formation of AMgs phase resulting in strength reduction of the al@@y.the other hand,

cold work causes an increase in the distortion of the crystal lattice as the Mg atoms in the FCC
lattice position increasgl-Mg a | |-recgiged cordiion.
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Fig. 2.5 Schematic showing amount of cold work in relation to strength, hardness and ductility

(Chaudhury et al., 2010; Olaru, 2011)

Table2-1 Aluminium ClassificatiorfZahner, 2019)

Heat treatable alloys

Non-heat treatable alloys

2000i Al-Cu-Mg, used for pipeglatesand profiles,

aircraft industry, usually needs corrosion protectig

10007 < 99% Aluminium, soft and ductile, used f

electrical and chemical applications

60001 Al-Mg-Si, extrusion, weldd and bolted ang
riveted connections

30007 Al-Mn, somewhat higher strength than 1x
series, high ductility, used for roofing

7000 i Al-Zn-Mg & Al-Zn-Mg-Cu, rolled and
extruded profiles, good corrosion resistance, use

structural applications

40007 Al-Si-Cu & Al-Si, similar to 3xxx seriegood
heat and wear resistance used as welding and bui

materials

8000 i Al-FeSi, used for packaging process

aircraft and military applications, high strength

50001 Al-Mg-Mn & Al-Mg, similar to 4xxx & 3xxx

series, but has higher strength and responds bet

cold working (moderate strength)
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Fig. 2.6 Classification of Aluminium Alloy&allister, 2014)
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Fig. 2.7 Al-Mg phasediagram (Glazoff et al., 2019a)

These conditiongre characterised by a coarse grain microstructure due to a small addition of the
second component to th matrix which often contaisintermetallic phases with diffent
composi ti o-nfso and mdiastablphadesThe carse grain microstructurean be
significantly improvedby severe plastic deformation (cold work) and ineian ultrafine-
grained microstructurehence why AMg alloys are strengthendsy strainhardening(Kaiser,

Datta, Roychowdhury, & Banerjee, 2014; Kogtenkova, Straumal, Mazilkin, Czeppe, &.Zieba)
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As 5052Al and 5083Al are two Al alloys belonging to the-My alloys these will be
experimenteésa comparison to ScalmalloVhese two alloys can be processed by either casting
or extrusion5083Al is one of the most commercially used allapsl is mainly utilsed in ship
structures, pressure vessels and vehicle building as these have good strength and superior
corrosion resistancelt has a nominal composition of Mg, Mn, Si, Cr and Beandium, in
particular,has been used B083Alalloys since the 1970s to enhance grain refinement and result
in an equiaxed grain structute prevent recrystallization up to high temperatu(ésura,
Sugawara, & Miura, 2000; Jaya Prasad, Rao, Kamaluddin, & Surya, 8052\ hasrelatively

low strength and is strengthened through sepkastic deformationwhere it is mostly used as
flat plates and sheeti.alsohas anominal compositiorof Mg, Fe, Cu, Si and M(B. Wang et

al., 2015)

2.2Laser Powder Bed Fusion ProcessSelectivelasermelting

This section will discuss tteubjects of additive manufacturi(gM), a specificAM laser powder

bed fusion (PBF) procesf selective lasemelting (SLM), and defects caused Hyis process.

This section is necessary to include before discussing Scalmalloy, since Scalmalloy was
specifically developed fdtPBF. LPBF process parameteaise also discussed here as this directly
correlatesto the size, number and type of defects that could oaffacing the quality of

components being manufactured

2.2.1Selectivelasermelting process

Aluminium is most commonly used in traditional manufacturing metlikegasting extrusion,

and forging, but recently it has been introduced into Additive Manufacturing (AM). AM produces
3D-componentgrom 3D-computer model data. A computer model is produced ugingputer
aided design (8D) software, then converted into &AL (stereolithograph)file to be sliced up

into layerscalled gcode data and loaded into the AM machinewherethe component is
manufactured subsequently in a layer by layer fashion, shown in Fi@l2lg&anmi, Cochrane,

& Dalgarno, 2015) AM is a rapidly evolving area of manufacturing that can manufacture
componentsvith reduced weight and increased geometrical complé€Sitwingh, Ramakrishna,

& Singh, 2017) AM is used in many industrial fieldéke aviation automotive and medical
components. There are several different categories of AM one of which is selective laser melting
(SLM), whichis a part of theAM laserpowder bed fusiofLPBF) technologiesand ismost
commonly used to process metallic alloys, especially Al all8ysrsa et al., 2019)TheLPBF
manufacturingorocess shownin Fig. 2.9 involvesa component built inside an inert chamber
where a layer ofetalpowder is spread onto the build platform. A laser within the chaimber
reflectedonto the powder, where the laser light métis powder butthenrapidly solidifiesto

form a layer Melting and solidifying of the material consecutively tsk#ace until the
component is built according to its computer model oata layerby-layer fashior{Aboulkhair

et al., 2019)This rapid melting and solidification that occurs when the laser light interacts with
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the powdered material is depicted in Fig. 2.10, where heat transfer and changes in the melt pool
are showr(Gibson, Rosen, & Stucker, 2010; J. Zhang, Song, Wei, Bourell, & Shi, 20/4@&n

the material begins to melt, epitaxial solidification occurs in the direction of the welding line and
crystallisation occurs in the direction of the interior melt to form columnar crystals. The high
cooling rates allow for grain growth to be more refined, increasing its strength, while slower rates

of cooling can increase grain size causing a weaker structure.

3D Cad STL Slicing Layer Slices & 3D
Model File Software Tool Path Process Object

Fig. 2.8 Schematic o&dditive manufacturingrocesg(Azlin et al., 2022)

( . Laser beam Noving mirror

Recoater blade
Metal powder

P

Powder delivery

platform Build platform

/ U \\
Fig. 2.9 Diagram showing the typical processld?BF (Griffiths, Scanlan, Eres, Martine2ykora, &
Chinchapatnam, 2019)
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Fig. 2.10 Diagram showing the internal interactions durib§BF process(J. Zhang et al., 2019)

The temperature gradiei@, that affects this grain growth is represented as,

QY
Qw
Where solidification rateR, is,
v Qw
Qo
And cooling rate can be represented as,
QY 109)4
Qo

Grain size and type are dependent uj@dY and — so whernOQY increases, crystal morphology

will change from dendritic to cellular and from cellular to planar and vice versa. Smooth planar
crystal grains will form if the temperature gradient is high)(Gvhile a slightly lowered
temperature gradient Ismay cause constitutional supercooling (shown in Fig. 2.11). This is
when a liquid is cooled to below its freezing point without solidifying or crystallising. From this
cooling, planar crystals can transform into cellular crystals. A further reductiba temperature
gradient (G) will cause a cellular dendritic grain formation and an even further decrease in the
temperature gradient ¢IGwill cause a dendritic grain formation. It is also possible during this
time for new grains to form and become equiaxed. Although, planar growth is the most common
grain type withirLPBF products, many different grain types may also occur in the microstructure
(S. Liu, Zhu, Peng, Yin, & Zeng, 2018; J. Zhang et al., 2019)
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Fig. 2.11 Criteria to induceconstitutionalsupercooling(J. Zhang et al., 2019)

LPBF process parameters control the conditions produced within the machine. These are
predetermined by the operator of the machine. The primary process parameters are scanning speed
(mm/s), laser power (W), build direction/orientation, hatching distance/ spdetch angle and

layer thickness shown in Fig. 2.12. Scanning speed and laser power influence the amount of
liquid phase present during théBF process and the energy volume density. Energy volume
density and the material are important factors as thameaffect surface roughness, surface
defects, performance, and relative density of the fabricatedpda n z 1 , Zet ek, Bak:¢
2015; Maamoun, Xue, Elbestawi, & Veldhuis, 2Q1Bhergy volume density is represented by

the Eqation2.2 (Wong & Hernandez, 2012)

O

5 5 Equation2.2

whereEq is energy density (J/miy P is laser power (W)Dy is hatch spacing (mm7, is layer

thickness and/s is scanning speed (mm/ghis equatiorshows the relationship between scan

speed, laser power and energy den@ditgamoun et al., 2018Build direction is the orientation

in which a given sample is built with respect to the longitudinal axis and vertical axis of the

sample durind-PBF. For example, a sample may be printed in an orientatiofy é60 9¢° and

180 with respect to the given axes. Build direction affects the anisotropic behaviour of the

material such that it may determine the direction in which elongated grain growth may occur and

changes in tensile propert{elanzl et al., 2015; B. Zhang, Li, & Bai, 201'Hatch angle is the

angle between laser scanning directions and layers. As with build direction, this also influences

anisotropic behaviour and affects mechanical prope(tiemzl et al., 2015)Hatch spacing,

shown in Fig. 2.12, can affect dimensional accuracy, surface flatness and incur (¥efpats

al., 2015) Finally, layer thickness affects mechanical properties such as strength and plasticity,

whereby if layer thickness is thicker than 30um, than strength can be compr¢Bufiedov et

al., 2017) The magnitude of the affect for each processing parameter depends upon the material,
14



hence various tests must be carried out to determine the optimal parameters for a material and to

ensure reproducibilitgHanzl et al., 2015; Maamoun et al., 2018; Yap et al., 2015)

Hatch spacing

Powder bed

Layer
thickness

— — . —
— — —

Preceding layers or substrate plate

Fig. 2.12 Schematic representation loPBF process parametelf¥ap et al., 2015)

Characteristics and properties of the powdered matstieh aglowability, particle size, surface
morphology, size distribution and compositiotan alsoaffect densities andmechanical
properties of the fabricated pamhese characteristics are dependenpawdermanufacturing
processperformedby AM companies such as Renishaw, EOS and Rel(iZaituc, 2017;
DebRoy et al., 2018)Flowability describes the behaviour of a powbetween each particle
when exposed to strees some disturbancé&ood flowability is desable and correlates the
sizemorphology of the powder. Smooth spherical morphology allows for good flowability and
an ideal packing density. Spherical particle shape and narrower size distribution are optimal with
a typical powder size usually within 40m & (e m pdwaer bed fusion (PBFrocesses. A
small particle size and regular morphology yields a finer rtanoture with better surface finish,
thinner layers, better performance and bettanufacturing capabilitgN. Li et al., 2019; Vock,
Kléden, Kirchner, WeilRgarber, & Kieback, 2019)

LPBFis very efficient in its use of material as any leftover powder can be re used and recycled
and the powder sizdpoes not require moulds, welding or riveting, whereby decreasing production
cost and design timéOlakanmi et al., 2015Jhese factors along with shorter lead times, smaller
operational footprintsgustomisationand direct translation of designs due to computer model
data are factors that may make it more favourable to use over traditional manufacturing methods.
However, LPBF parts can develop defects during this process such as ppiusiing and

crackingleading to lowdensity and defectiveomponents
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2.2.2Selectivelasermelting defects

Porosity is one of the most common defects to occlPiRF parts where netallurgical pores
and parametetbasedpores are the twdypes of porosity Metallurgical pores develofrom
absorption of the shielding gas within the chamber or evaporatieleroentswhile parameter
basedoores are formed byrocess errors such esompatible process parametarsd material
issuesThese are identified by mostly spherical morpholaggt occuon both a microscopic and
macroscopic scal&some may also have shaggges which can lead to cracki(@aly, Guen,
Lacoste, & Arvieu, 2018)Lack of fusion or incomplete fusion holesay also occur due to
insufficient laser energgausing goor remelting of layers and poor boncbetweerlayers. The
shaps of these are not usualgpherical, but more jagged and absteamtcontain numerous un
melted metal powders within the defasshownin Fig 2.13 Keyhole pores, shown in Fig. 2,1
area combination of botharametetbasedoresandlack of fusionwhereinsufficient energyand
gas entrapmeritasoccurredbetween layer§Galy, Guen, et al., 2018; Maamoun et al., 2018; B.
Zhang et al., 2017)nner porosity, such as gpsres shown in Fig. 2.3, may alsadevelopdue

to entrapped gas within powdgarticles, whiclcan escape and interrupt the scanning, pettiie
shrinkage porosity can develdpe to the inadequate supply of molten metal during solidification
(Cherry et al., 2014; B. Zhang et al., 2017)

Balling, shown in Fig. 2.8, may occuiue to liquid metal transforming into a baKe shape due

to surface energy (tensioftpm poor contact witla substrat€J. Zhang et al., 2019)t may also
occur frompartial meltingand complete melting. Partial melting occuwtsenthe meltecandun-
melted material are heated together resulting in coarse smalfdralisg onthe surfacef the
componentComplete meltingeavesmolten metal tracks along the surface and can also occur in
the form of lines where they eventually split into small beads upon the s¢@heey et al.,
2014; Hanzl et al., 2015)

Cracking is another commatefectand may resulfrom high residual stresses causedhoyge
temperature gradients present dutingrapid melting and solidificatioim theLPBF procesgB.
Zhang et al., 2017)Two types of cracks magccur - liquation cracking and solidification
cracking. Liquation cracking occurs in materials with many alloying elenthrdstotensile
stresses. Solidification cracking, shown in Fig.72develops in the last stage of solidification
and is initiated by residual liquid between crystals in the mushy zones of the me@am#ing

may appear on the surface or within the finished (@arZhang et al., 2017)

High porosity,lack of fusionand cracking result in poor mechanical propertiedlow-density
parts while balling results in a poor surface finiahd surface defect®efects can require
additional processing and machining to correct and for some, parisequently increang
production time and cost. Minimization of defestsould be a high prioritgs these arsolely
dependent upohPBF process parametergrocessandthe powderedmaterial(Galy, Le Guen,
Lacoste, & Arvieu, 2018; B. Zhang et al., 2017)
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Fig. 2.14 Examples of keyhole pores present on AISi10NMBF fabricated part{Maamoun et al.,
2018)
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Fig. 2.16 Balling defect present on surface bPBF fabricated part{Hanzl| et al., 2015)

Crack initiation from edge

Fig. 2.17 Crack Initiation onLPBF fabricated part(B. Zhang et al., 2017)
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2.3 Scamalloy

This section is solely focused on Scalmalldfedevelopment, material propertiegplications,

andphysical metallurgy are discuski@ the following sections

2.3.1 Development material properties and applications

The interest to develop new high strengliliminiumalloys forLPBF had grown in more recent

years with the growing interest in AM processes and the need for lightweight and geometrically
complex componenigsicreagd Unfortunately, the use @luminiumin LPBF has eluded many
manufacturers for years as the majoritaloiminiumalloys available today are incompatible with
LPBF proesseshe 2000, 600@Gnd 7000 series eluminiumalloys have solidification cracking
tendencies and possess Zn, Mg and Lithium (Li) that tend to evaporate dutiiRBfRprocess.

Al-Si alloys are commonly processed for usd.RBF due to their ability to withstand these
conditions(Aversa et al., 2019however, challenges to control the high reflectivity, oxidation
tendencies, poor spreading of powder, freezing range and thermal conductivity properties of these
alloys have proven difficult to horn@versa et al., 2019; R. Li et al., 2017%calmalloy is an
aluminium alloy specifically designed ftre LPBF process @LM by Airbus Group Innovation

and has been in development for the last 20 years. It is a modifibth Alloy with added
scandium and traces of zirconium and manganese. Its composition is given by the manufacturer
safety data sheet listed in Tabl® 2Awd et al., 2017; R. Li et al., 20173l alloys can only be
processed using SLM ibPBF processes, as opposed to electron beam melting (EBM), since
EBM exceeds the nominal melting temperature of aluminium (approfChe®nd et al., 2017)
Scalmalloy has various applications usually is used in the aerospace, automotive, and medical
industries. Although, scandiuia expensive with a highbuwp-f | v r at i o, i t-6s ad
Mg alloy is necessary and the benefits far outweigh the drawbacks. Therefore, Scalmalloy
possesses high strength, ductility and elongation in the as built state and low anisotropicibehavio

(Adriaan B. Spierings, Dawson, Voegtlin, Palm, & Uggowitzer, 2016)

Table2-2 Chemical Composition of Scalmalloy by Specification and Analysis (From SDS Material Sheet
given Appendix A)

wit% Al Mg | Sc Zr Mn | Si Fe Zn Ti Cu Vv o
Max. bal. | 4.90 | 0.80 | 0.50 | 0.80 | 0.40 | 0.40 | 0.25 | 0.15 | 0.10 | 0.05 | 0.05
Analysis. | bal. | 4.55 | 0.65 | 0.30 | 0.51 | 0.16 | 0.14 | 0.02 | 0.01 | 0.01 | 0.01 | 0.04
Min. --- 4.00 | 0.60 | 0.20 | 0.03 | ---

Scandium has been a viable candidate used in dagimginium alloys since the X0s
originatingin Russia with the firstecorded effects showirigcreased mechanical propertaex,

consequently, further research of this soared in the following deCaldsarov, 2003)

Fig. 2.18 shows the AlSc phase diagrais typically used to describe Scalmalldys shown in

Fig. 2.18, there are several intermetallic phases that exist such:@s, MbSc, AlS¢ and AlSe.
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The aluminium to scandium weight ratio for the work on hand (given in Tab)ewduld be

6. 6 %, indicating that t he e qui-Alimatrixi andnthemi cr o
intermetallic phasef AlsSc in a eutectic reactighattypically occus at either 0.5w% scandium

from the liquid at66C°C or at 0.55wt% at 638 showing the narrow gap between the melting

point and eutectic reactigMurray, 1998; Zakharov, 2003Jhe narrow range can be attributed

to similar liquidus and solidus temperature ranges as scandium has a low coefficient of diffusion
for both solid and liquid aluminium. This results in the likelihood of a supersaturated solid
solutionand at the eutectic temperattine maximum solid solution solubilityf Sc -Aln t he
matrix isreported to bé.38%, however this can be increasedetween 0.4% and 0.6% for

higher cooling rates The formation of a supersaturated solid solugoables effectiveness of

heat treatments like age harderfifagtein Rgyset & N. Ryum, 2005)

Davydov, Rostova, Zakharov, Filatov, and Yelagin (20@@prtedscandiumhadthree positive
effects inaluminiumi the recrystallisationtemperature coulthe positively altered, increased
mechanical strength due tioe precipitation of AlSc particlesnduced througlage hardening

and the modification othe microstructure Scandium alters the recrystallisation temperature,
shown in Fig. 2.9, by the formation of AlSc precipitates through Zener pinning whereby
alumini umbés sol i di f i cFartinstance, theirecrystallisationdemperature r e
is increased up to 38K by 0.5wt% scandium additigidavydov et al., 2000)AlsSc precipitates

are highly coherent with aluminium solid solution which increases precipitates and evenly
distributes these throughout the matrix dueatlow lattice mismatclin the FCC structure of
aluminium and thé.I2 lattice structure of the ABc precipitates. However, if precipitates grow

to sizes of 240um, then coherency is lost by Ostwald Ripenifige modification of the
microstructure is initiated by seeding of primadgSc precipitates that are highly coherent with

a stable globular strture in hypereutectic AlSc alloys as opposed tthe typically dendritic
structure resulting in better mechanical properties. Additionallgcandium improves the
weldability of Al to prevent such defects as hot cracking and delamination during high
temperature processgsch as LPBIJostein Ragyset & N. Ryum, 2005; A. B. Spierings, Dawson,
Kern, et al., 2017)

As with Scalmalloy, scandium is often added teMg alloys as magnesium cactas a solid

solution strengtheneWhile at times, it camlso substitute scandium in the;s8¢ phasend it

has been reported theta gnesi um and scandium can r-Alduce
matrix. Lastly, the AtSc particles tend to nucleate on Mdgides. The additioof just 0.1wt%
zirconiumcan reduce needed scandium content from 0.55wt% to 0.1 &ndferms theAls(Sc.-

«ZI'x) precipitatavhichcan slow down Ostwald RipenifDavydov et al., 2000; Zakharov, 2003)

while further increasing its strengthirconium can alséessen the potential of ovageingand

stabilises the alloy at higher temperatufpavydov et al., 2000; Marquis & Seidman, 2001,
Zakharov, 2003)
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Fig. 2.18 Full Al-Sc hase diagram describg Scalmalloywith the Al-Sc Binaryphasediagramon the
aluminium rich section of the Acbinary phase diagramenlarged(Davydov et al., 2000; Jostein Rgyset
& N. Ryum, 2005)
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Fig. 2.19 Recrystallization temperature for cold worked binaAty Transition metals vs Transition Metal
Content(Davydov et al., 2000)

Al-Mg alloy and AIMg-Sc microstructures are compared in Fig. 2.20 and 2.21. The
microstructure of the AMg-Sc alloy has finer grains than the-Kig alloy (R. Li et al., 2017)

These characteristic effects of scandium in aluminium alloys have led to the successful

development of Scalmalloy.

Fig. 2.20 Left BSE image of cast Allg-Sc alloy microstructure; RighMagnified optical micrograph of
left image(R. Li et al., 2017)

Fig. 2.21 Left BSE image of cast Allg alloy microstructure; RightMagnified optical micrograph of
left image(R. Li et al., 2017)
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2.32 Selectivelasermelting of Scalmalloy

Processing of Scalmalloy has been explored and showed that it can be well processed using SLM.
Adriaan B. Spierings et al. (201&xploredenergy volume densities (EVDbgtween 75 and
240J/mni for hatch distances of 13B5umwith a laser power of 200W. Densities of more than
99% were achieved ameproducibility was sufficient with a mean deviation of 0.09% for varying
hatch distances. EVD did not exhibit significant effect on the microstructure and density of
samples, except that lower EVD induced further grain refinendenB. Spierings, Dawson,
Uggowitzer, and Wegener (2018)so studied the influence of scan speed on mechanical
properties of abuilt samples of Scalmalloy. A 200W laser power and layer thickness of 30um,
with varying hatch distances (135 um, 150 um, 165 um), spaed {70mm/s, 750mm/s) and

EVD (54J/mn3, 290J/mm) were used. Samples produced using 1153/rhad a density of
99.3%, while samples produced using 135J7maal densities of 99.57% showing no significant
changes herddeal hatch distances were between 35 and 65% of the laser spot diameter. The
microstructure remains unaffected by the varying EVD and scan sp@egpt that the fine
grained regions show finer grains (14680nm) for higher scan speeds attributed to formation of
AlsSc seed crystals. Smaller grain sizes are evident using scan speed of 350mm/s as there is faster
cooling rate as compared to 170mm/s. Additionally, structural and mechanical anisotropy remain
unaffected by the parameter wind@: B. Spierings, Dawson, Uggowitzer, et al., 20E8) Li

et al. (2017)yeported that relative densities appeared to increase with increasing laser power, and
scan strategy suctiat island scanning produced a more consistent powder bed than rotary
scanning. Higher EVD reduced defeatsitincreasedemperaturglowering dynamic viscosity.

This enabla micropores to be filled more eas#lowing for a denser microstructure, however

too high a temperatuded to induced balling phenomentisual inspection of the surfaces of
samples with changingVD, shown inFig. 2.22, appeared to be dense with no signs of any pores,
and a low EVD increased balling phenomee#&iimentally affectingwface quality When EVD

was increased from 81J/mno 97J/mmi, the latter samples showed fewer balling effects and at
very high EVDs the sample surface was smooth with almost no balling &@oatle crack
initiation was apparerdlong themolten track usually caused bkigh tensile residual stresses

generatedby the large temperature gradiémm rapid melting andolidification during SLM.
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respectivelyR. Li et al., 2017)
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The phases for different EVD showed no major changes with primarily an Al phase matrix and
minor Aly(Sc, Zr) phaseThe weld pool of the samplésshown inFig. 2.23 with different scan
strategiesand presented fine-grained band with a thickness of about 10um and has columnar
grains growing epitaxially along the fine graits.another studyKoutny et al. (2018gxplored

a processing window for Scalmalloy withw scandium contentaser power 0825W to 400W,

scan speeds between 1DO00mm/s, hatch distance of 1Qéh and layer thickness of ffn.
FromFig. 2.24, the optimal EVD was between Bthn? to 70J/mni and scan speeds between
800mm/s to1000mm/s. Optimal results with highest density of 98.3% wbservedvith laser
power between 32§ to 375W and scan speed of 900mm/s. Large pappeared in samples
produced using 16600mm/s scan speeds, while scan speeds of up to 100mm/s (S&EMDIN
produced fusion defects caused by rapid solidification without filling pores compketely
discussed byr. Li et al. (2017)Through reproducibility tests, the majority of samples yielded
densities of 99.5% with optimal parameters ddser poweinof 375W, scan speed of 900mm/s
hatch distance of 100um. In a studyAwd et al. (2017}he mechanical strength of Scalmalloy
was studied in alow constantatiguemode. A laser power of 580 to 700W and scan speed
between 120@®m/s to1700mm/swasused, and samples were built perpendicular to the build
platform.Keyhole pores were present, whiabuld have been due to too high an energy densit
however, relative densities were found to be 99.9@%dditionally, an ultrafine-grained
microstructure occurred due to high cooling rates and rapid solidification with an average

(dendrite) grain gie of 0.4um.

Fig. 2.23 3-D Optical Micrograph showing weld pool in the build plane direction and scan track in

horizontal direction with a) 90rotary scanning, b) island scannirfg. Li et al., 2017)
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Fig. 2.24 Relative densities and optical micrographs showing defects of samples are compared according

to varying scan speedioutny et al., 2018)

In another study by Li et &R. Li et al., 2019)relative densities were reported to be affected by

the change in scan speed and EVD. Increasing laser power with fixed scan speed increased
density, while fixed laser power with increasing scan speed reduced density. Irregular shaped
micropores occurred i a laser power of 200W and scan speed of 800mm/s attributed to
insufficient melting and poor flowability due to low energy input. When laser power, increased

to 300W ando ascan speed of 500mm/s, the micropores deelittlvere roundeas the igher

laser power trapped hydrogen and evaporated Mg dthia§LM processWhen using a laser

power of 400W and scan speed of 800mm/s éxver micropores occurrexhdfull density was

achieved.

2.3.3 Microstructur e of Scalmalloy

Scalmalloy was developed to be compatible with SLM and offer a microstructure retaining
maximum relative density and able to form a supersaturated solid sdlutiiguid form. Its
microstructure is characterizégl aunique bimodal grain structurd he region of ihe equiaxed
grainsare typicallyknown as the FG regioandarelocatednext tocoarser columnar graspalso
known as the€€G region,shown inFig. 2.25aand 2.25bA layered microstructure is also evident
here which is expected from the additive manufacturing mefRobdi et al., 2017; Schmidtke et

al., 2011; A. B. Spierings, Dawson, Dumitraschkewitz, et al., 2018; A. B. Spierings, Dawson,
Heeling, et al., 2017; A. B. Spierings, Dawson, Uggowitzer, et al., 2018; Adriaan B. Spierings et
al., 2016) The snallest grain size in thEG regions reported byA. B. Spierings, Dawson,
Heeling, et al. (2017)were typically between 150ndum and exhibited no textureyhile the
largest grain size in th€G region were typically between 2unto 15um with typical grain
orientation in the build direction and the <10€ystaldirection TheCG regions ag attributed

to the high temperature differences and low density e¥i§loxide seed crystals giving rise to
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columnar and coarse grain structug#®. B. Spierings, Dawson, Heeling, et al., 2017)
Microstructure ofsamples cut perpendicultr the build directionare shown irFig. 2.25¢ and
2.2, where the gan direction showed large weld line creestiors andweld pool dimensions
significantly |l arger than the | aser beam di ¢
thermal conductivityln Fig. 2.5, EDSscans of the microstructure show&ld(Sc Zr) particles
pinned grain boundaries prohibig grain growth shown in the homogenous distribution of Sc,
Zr and O distributed throughout the CG region with no Mg buildnlike the FG regions where
Mg build uphadoccured Additionally, distinct areain the melt pool of the transition of FG to
CG, shown inFig. 2.2, with high concentration of particles located in the FG regionsur
along the grain boundary in both grain regiGAsB. Spierings, Dawson, Heeling, et al., 2017)
From here, a hypereutectic-8kc solid solution was formed and decomposed during cooling to
form finely dispersed coherent intermetallics:®¢ particles of the cubic i krystal structure.
Al3(ScZrix) and mixed particles of Al and Mg directly affect the formation of the FG region
caused by the outstanding lattice match to the Al mafAx B. Spierings, Dawson,
Dumitraschkewitz, et al., 2018; A. B. Spierings, Dawson, Heeling, et al.,.2017)
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Fig. 2.25 Typical microstructure of abuilt Scalmalloy a) upper region on longitudinal axis showing

scan tracks, pmid area built from top to bottom, ¢) microstructure of 115X sample showing scan

direction and alternating layers, dahagnification o) (A. B. Spierings, Dawson, Heeling, et al., 2017)

R. Li et al. (2017yeported the A(Sc, Zr) particles were separated from the weld pool boundary
causing grain refinement and are either square or triangular, shown in Fig. 2.28. Furthermore,
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lamellar eutectic lattice had a layer thickness of 20nm and the nano parti¢ts &f) were on
average 100nm. In the <001> crystal direction (horizontal plane), equiaxed grains were evident.
The weld track boundary resulted in fine grains (less than 5um), while the central weld track
resulted in coarse grains €0n 40pom) and parallel to the build direction, grains are columnar.
Hence the microstructure is very different to other Al alloys processed using SLM and traditional

manufacturing methods dte this bimodal grain size distributiofR. Li et al., 2017)

A. B. Spierings, Dawson, Dumitraschkewitz, et al. (20i®gstigated the microstructure of
selective laser melteScalmalloy samples that were heat treated and Hot Isostatic Pressing (HIP)
treated. The samples were processed using a ConceptLaser M2 machine at 200W and a laser spot
diameter of 100um, 30 um layer thickness and EVD range of 135Hmn@&88J/mm. For the

HIPed samples, the usuakiiodal microstructure remains. There is almost no change in the
microstructures for these samples compared to tHeuiissamples, except that the HIPed
treatment tads to cause grain growth in tbearsegrainedregion. The coarsening of the grains

by HIPed samples described earlier was due to the inability for denser grain boundaries to form,
like that in the finegrained region. Heat treatment allows the remaining Sc and Zr trapped in solid
solution due to higtcool rates during SLM to precipitate coherentSsl and Ad(SGZri)
particlesi density of precipitates increased from-0.8 x 13 to between 3x18 m= and 5x16°

m-3,

Fig. 2.26 EDS scans of FG and CG regions: a) microstructure of FG and CG region, b) a) magnified, c),
d),e) EDS mapping showing highlighted eleméaAtB. Spierings, Dawson, Heeling, et al., 2017)
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Fig. 2.27 SEM Images of binodal grain structure and grain boundaries with precipitgitesB.
Spierings, Dawson, Heeling, et al., 2017)

Fig. 2.28 SEMimage of cross sections of SLM processadples showing distribution ofsf&c,Zr)
particles a) & b) perpendicular to build directiqR. Li et al., 2017)

2.3.4 Mechanical properties and heattreatment of Scalmalloy

Scalmalloy is normally heat treattat precipitation hardeningfter being builthoweverat times
precipitation may occur during the SLM procé3agle et al., 2016Fig. 2.8 show the 4 stages
of possible heat treatment (precipitation) a component undergoes during SLM. Stageetie
atomization, tage 2 isintrinsic heat treatment occurrirduring the SLM processtage 3 is
through high temperature peaks atage 4 idy regular heat treatment of the final component.

The risk of precipitation hardening occurring for the first three stages are unlikely as precipitation
should be supressed due to the rapid cooling rates, but there is poséilstitgdy byJagle et al.
(2016)reported no premature precipitation occurred during gas atomization of the Scalmalloy
powder further confirming high temperatures and rapid cooling rates are high enough to induce a
supersaturated solid solution within Scalmalloy. Typical cooling rateeernSLM process is
similar to that of gas atomisation F1R/s) (A. B. Spierings, Dawson, Heeling, et al., 2017)
whereby suppression of precipitation can be assumed. Hence, if premature precipitation were to
occur during the SLM process, it would be due to the intrinsic heat treatment, shown in Fig. 2.29.
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Schmidtke et al. (2011gported tensile (>520MPa) and yield strengths (>500MPa) of Scalmalloy
samples after heat treatment of 325according to build direction and can be observed in Fig.
2.30. The average elongation was 14% and reduction in area was 20%. Variation between
strengths of samples built in different directions was less than 5%, hence anisotropic behaviour
was low. Varation in area and elongation for both build directions was also negligibly low.
Ductile and fast fracture occurred as samples broke %atarifes. Alditionally, a significant
increase in hardness from 105 to H¥7 (Fig. 2.31) was reported due to the artificial ageing
process of 32%&/4h that enabled the formation of:8t precipitates. Although, Schmidtke used
325°C/4h as ageing temperature and holding time, other authors (explained in the following)

explored other ageing temperature ranges and holding times and observed their effects.

N 1 atomization additive manufacturing ageing €
Sl--[-C S
& -

E. intrinsic heat melting temperature
E 0 treatment ©

time

Fig. 2.29 Temperatureime profile of the process that an additively manufactucedhponent is subject
to during manufacturingeach number represents the different stages within the process and when
precipitationmayoccur(Jagle et al., 2016)
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Fig. 2.30 Mechanical properties of samples built in tife 48, and 90 directions. Yieldstress, UTS and
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Fig. 2.31 Microhardness curves of test cubes on as built and artificially aged 4CB&bsamples
(Schmidtke et al., 2011)

R. Li et al. (2017)performed microhardnegsstingon the densesamples and found it to be
higher than a typical AMg-ScZr alloy cast part, yet lower than a solutionised annealed alloy.
Corrosion resistance was also higher than the castwitbya maximum compression strength

of 390.25MPaBest, Maeder, Michler, and Spierings (20X8und that precipitation hardening
induced by annealing was evident in both the FG and CG regionsidd&apic behaviour was
reported for macroscopic samples in both regions of the microstructure, further confirming claims
by Schmidtke et al(Schmidtke et al., 20119f nearisotropic behaviour of Scalmalldy their

work. As reported by previous authd. B. Spierings, Dawson, Dumitraschkewitz, et al., 2018;

A. B. Spierings, Dawson, Kern, et al., 2017; Adriaan B. Spierings et al., ,28t&)malloy
samples processed in SLM result in the Al matrix being supersaturated with 8w akld Si
precipitates which provide optimum plastic flow properthesB. Spierings, Dawson, Kern, et al.
(2017) reported the effects of heat treatment on SLM processed Scalnabesrving
temperatures ranging between 26600°C/4h. Hardness increased for temperatures up 400

but any ligher temperatures resulted in reduced hardness, thought to be caused by loss of
coherency of Al(S.Zrix) particles. Hardness was observed at annealing temperatures of 275,
325 and 3738C with holding times between 0.5h and 24h. An ageing temperature 86C3@%h

a holding time of less than 4h proved to achileig hardnesshan other combinationg\geing

at temperatures below 3 slowed precipitation and lengthened holding times. For instance,
hardness values achieved at ageing conditd825°C/1h equalled thadf 275C/24h. Preferred
ageing temperature was found to be betweelli@B25350FC showing that some variations in
temperature are not significant. Tensile strengths of both vertically and horizontally built samples

were reported and showed very little anisotropy with differences of 2.6% for vertically built and
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2.7% for horizontally builtYield strength, however, is slightly higher with 3.8% for the vertical

built and 10.8% for the horizontal built samples.

A study conducted bR. Li et al. (2019)bserved the effects of aging heat treatment on the
microstructure and mechanical properties of Scalmalloy. Annealed samples with varying laser
power, but constant scan speed of 800mm/s resulted in higher hardneashbdnsamples
(approx. 85W). Hardness increased with temperature during ageing until it reached maximum
hardness of 125, then it decreased with increasing temperatiifeey found idealageing
parameters fotheir experimentsvere between 30C and 350C for aging times between 4 and

12h and are consistent with ageing temperatures reportedrioys author¢R. Li et al., 2019;
Schmidtke et al., 2011; A. B. Spierings, Dawson, Kern, et al., 2@&i@ssstrain curves were
observed at different ageing temperaturesbiift samples had a yield strength of 166MPa, a
tensile strength of 222MPa and elongation to failure of 10%. After ageing fgiekh strength
increased t@89MPa tensile strength to 373MRandelongation to failure t82.5% After 12h

of aging the elongation to failure dropped sharply, yet the strength increased slightly. Optimal
aging condition was at a temperature of ®2@ith an ageing time betweeh and 6h. A}(Sc,

Zr) precpitates, shown in Fig. 223 occur mainly at the grain boundaries, while the number and
size ofthe precipitategncreased with increasing ageing times. No evidence of high dislocation
density was found in the columnar grain regions, but dislocation density can be observed in the
original phase matrix. Fracture micrograpsisown in Fig. 2.3, of the samples show cleavage
facets and few dimples leading to the poor strength and low ductility in-thélasamples. Large
amounts of dimples (8um in size) can be seen on the fractsueface of the sample aged at
325°C/4h, showing that strength and ductility were improved. The sample aged for 16RGt 325
had dimple sizesf about4pm, where pores can be seen throughout causing a lower ductility seen

in all the samples, but higher tensile strer{&hLi et al., 2019) .
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Fig. 2.32 SEM images of the distribution of sf8c, Zr) particles at 83 J/min(a) ashbuilt (b) 325°C/4 h,
(c) 325 °C/12 h. [49]R. Li et al., 2019)
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Fig. 2.33 SEMfractureimages showing fracture surfaces a&djaslt, b&e) 325C/4h, c&f) 325/16h
(R. Lietal., 2019)

Ageing temperatures between 20@and500°C and holding times betweeh and24h have been
explored, yet the ideal ageing conditions for Scalmalloy iG2%. Spierings et al(A. B.
Spierings, Dawson, Dumitraschkewitz, et al., 26d®)wed for this ageing conditicBcalmalloy
yieldedhigh hardness and tensile strengths by sufficient precipitations8icAdnd Ad(SGZrix)
particles.Additionally, grain size distribution and microstructural features for the samples heat
treated at 32%/4h were not significantly altered. This extremely stable microstructure was
attributed to the combination of intergranular particles a{4.Zr1.x).

Fatigue strength of Scalmalloy is also important as this can occur daekgcopagationwhich
is the crack initiation stage where premature propagation of a crack originates from its material
micro-defects.The progressive propagation of a short crack will determine the fatigue life of the
component. The fatigue limit can be defined as the maximum stress level below where a crack or
an existing crack will not propagate into failure within a set life span oéahgonen{Curtis,
de los Rios, Rodopoulos, & Levers, 2008)vd et al. (2017)nvestigated théatiguestrength of
additively manufacture8calmalloyand AlSi10OMgin astablefatigue mode of loadind-indings
showed thaboth failed at(approx.)1C®cyclesunder stress amplitude range between 120 and
140MPa.A study bySchneller et al. (20215tudiedthe fatigue life of Scalmalloy using R<1.
Findingsshowedhatheat treatment should be appleefore fatigue testas the stress amplitude
increased from 51.6MRa 126.4MPa after heat treatment of 32Bthattributed to the formation
of Als(Sc, Z)) increasing strength and further grain refinem@in et al. (2021)eported the
effect of defects on the fatigue behaviour of a selectively laser meleldAcZr alloy. A stress
amplitude of 90MPa and 144MPa, with a decrement of 54MPa, yielfatigae life (R=0.1)
between 16to 10’ cycles. For samples that did not fail at’ t@cles, fatigue strengths were
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100.5MPa (19% olUTS) andalmost a 50% survival rate. Alsoefécts did affect the fatigue
strength as presence of these lead to dratilation and propagation evident as fatigue strength
of Scalmalloy was lower when compared to cast AI7085 alloy. Chernyshova, Guraya,
Singamneni, Zhu, and Chen (2024%0 studied the fatigue crack growth behaviour regarding
stress intensity factor threshold. They found #tagss intensity factor was not dependent on
orientation of crack growth and build direction in as built hedttreatedconditions due to as
crack propagation tends to follow therrhbdal grain structure regarding equiaxed grain and

columnar grains.

2.35 Summary

Scalmalloy has high reflectivity tendencies consistent with typicahiniumalloys. In the SLM
process, saser power 0200W or greateis required to counter this, and relative densities appear

to increase with increasing laser power. Hatch distances should also be larger than the laser
diameter(as given by machine specificatiors) scan track width areas tend to expand due to the
high thermal conductivity of aluminium. However, too large a hatch distance can lead to a loss of
density. Bergy volume dnsitywas the primary parameter that affected grain refinement and
apparent defects. Hence, these factors need to be considered when processing Scalmalloy and
determining a suitable process parameter window. Furthermore, the inhensruddli
microstructure inScalmalloy is not affected by processing parameters and remains constant.
However, grain size, type and precipitates are affected by the SLM process parameters and so
these should be optimised to obtain smallest grain size and development ofgiestigiroduce
optimum mechanical properties. Additionally, the mechanical propertieshafilhscalmalloy
arereasonable butan be positively affected when heat treated. The optimum heat treatment time
was found to be at 326/4h,however thdeat treatmertonditions cae further explored. There

is a current gap in the literatuire exploration of variou$ieat treatment conditions to optimise
strength,hardnessand ductility andto determine the effeaf heattreatments on cold rolled

samples of &lmalloy, where cold rolling is discussed in the next section.
2.4 Cold rolling process

Cold Rolling is aype of cold working methqdvhere ametalis wedged between two rolleasd
pushed througlat a certain velocityeducing inmaterialthickness and usually performed at
ambient temperatures a pointbelow therecrystallisation temperatucé the materialA typical
cold rolling processs shown n Fig. 2.34, wherethe material passes through the rolls with an
initial velocity (Vi) and the roll gap is maintained on the desired final thickneksl(itial
thickness of material is,fradius of theolls is r, the contact length is L, the reduction in thickness
after the rolling operation is s, and the frictional force on the surface of the rollgMs &ingh

& Singh, 2019) Cold rolling changes the initial microstructure of a metabte witha reduced

grain size (more fingrained), elongated grains and high dislocation density ithtoves
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mechanical propertiesuch as strength arfdrdnessbut reduceductility (M. Singh & Singh,
2019; B. B. Wang et al., 2021)

2.4.1 Effect ofcold rolling of aluminium alloys

Cold rolling is usually performed on the nbeattreatable aluminium alloys as this induces strain
hardening, but can also be performed on the heat treatabiniumalloys in conjunction with
heat treatmentPanagopoulos and Georgiou (20Hdidied the effect of cold rolling on the
lubricated wear of &083aluminium alloy. 30mm thick sheets were used and reduced in
thickness by 7% and 15%. According to Fig.521Be microstructure after 7% and 15% reduction
by rolling shows reduction in grain sizdtributed to the recrystallisation of grains caused by
stressof rolling as @ alumirium solid solution and intermetallic phases ofBigvere induced

after rolling.

Roll force (P;)
1

Upper roll

Y h.-\ f
N

Final thickness of
flat strip

/

Initial thickness of
the ingot flat strip
Rotation of rolls
surface

Lower roll

Roll I:korcc (Py)

Fig. 2.34 Cold Rolling Process Schematic also showing force represeni@tio8ingh & Singh, 2019)
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Fig. 2.35 Microstructure of 5083Al alloy. a) agceived, b) cold rolled to 7% reduction in thickness, c)

cold rolled to 15% reduction in thickne@i@anagopoulos & Georgiou, 2010)

Hardness increased fromH¥ (asreceived)to 84HV (7% roll reduction)to 88HV (15% roll
reduction)causedy reduction in grain size elucidated by the HRditch Equation that shows the
relationship betweeimcreasingyield strength of a metadith decreasing grain size:

" " P Equation 2.2

K = strengthening coefficiently = material constant of starting stress for dislocation movement

andd = grain diameterAlthough, yield strength can also be related to hardness in the following
equetion:

Ow By, Equation. 2.3

Through the relationships representedHzyation 2.3 and 2.4jt can be said that increasing
hardness is related to decreasing grain gidelitionally, mld working increases the number of
dislocations within the materiaigolume and thelevelopment and movement of new dislocations
are inhibited by existing dislocatioasd the occurrence of texture orientatibencenardnesss
increasedPanagopoulos & Georgiou, 2010) Wang et al. (20219tudied a powder metallurgy
manufacturedsintered and hot pressed) 2024 aluonim alloy subjected to cold rollingnd
annealingo studyits microstructure and mechanical propertidhe assintered microstructure
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features a typical equiaxed grain structune elear powder particle grain boundary. Cold rolled
samples showed elongated ellipsoidal grains in the rolling direction and were more stretched with
increasing rolling reductiorPrecipitates for asintered samples were distributed along powder
particle boundaries and were typically coarse and irregularly shiapgutecipitategdistributed

in the Al matrix within the cold rolled samples wanere spherical and eventiystributed This
redistribution and chage in morphology of precipitatesene attributed to shear stress between

the matrix and precipitates, movement of dislocations,rarudieation of precipitates from the
dissolutionof precipitate phasedue to the blend of both cold rolling and annealiRglative
densities were also positively affected by cold rollrgositywithin the matrix reduced as the
compactness of the microstructure increased due to cold rolling. Hardness also increased due to
work hardening effect during deformatidrensile stength eventually increased due to the blend

of both phase precipitation and work hardening. Hence, mechanical properties improved due to
intensecold rolling and cond phase precipitatiomccurreddue to the blend of annealing
treatments and cold rolling.

Fig. 2.36 Microstructure of as received 5052Al allog &b) as cast, &d) solutionised(B. Wang et al.,
2015)

The refined grains developed during cold rolling inhibit dislocatmvementhat consequently
increases resistance and redudestility; thus, annealing can be beneficial in reducing these
effects.

Another study byB. Wang et al. (2015)bserved the effects of heat treatment and cold rolling of
a 5052Al alloy. Rolling reductions of the alloy were 15%, 33% 46%, 60%, 75% and 87%. The
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75% reduction in rolling was also annealed at temperatures 8C220 250C/4h, 300C/4h,
350°C/4h, and 380C/4h. Fig 2.36 shows dendritic structure with large Al matrix phase and
second phases located along the boundary of the dendritic grains for the as received alloy, and
obvious grain growth for the solutionised alloy where typical grain size increased from 118um to
136um Additionally, solutionised alloys show the grain structure dissolved with little obvious
grain boundaries, structure and satphase particlestypical features in solutionising. Fig.37

show obvious elongated grains in rolling direction and a strained structure with increasing
elongated grain size with increasing rolling reduction. Typical grain size kmgthfor the

rolling reductions from least to greatest were 4@8 156um, 180um, 464um, 70lum, and

732um showing that rolling reductions between?4@&nd87% result in very coarggrains. Al

matrix, Mg:Si and AkFe were the phases identified in all samples showing that the kind of phases
are unaffected by cold rolling, however secondary phase increases with increasing rolling
reduction. Samples of annealed and 75% roll reduction exhibited different phase®otmitiat

cold rolled- Mg2Als, Al, Mg2Al3, Mg:Si, AlsFe and MgAls, where the MgAls phase is known

to be induced through annealing. Hardness increased fretv 61 99HV from as received to

the highestoll reduction of 87% due to the increase of dislocation density. Hardness reduced
from 61HV to 57HV after solutionising as the microstructurarisstly dissolvedSamples that

were annealed with a roll reduction of 75% reduced in hardness fridivi @358HV with rising
annealing temperature attributed to recovery and recrystallisation and shows work hardening
decreases due to annealing. As received ultimate tensile strength (UTS) increased/fiRato69
325MPa, yield strength (Y$jom 69MPa to 320MPa, hawver ductility reduced drastically from

25% to 2.5%. Increase in tensile strengths are attributed to the intense roll reduction and elongated
grains in the rolling direction and second phase parti@#sgmore numerous after cold rolling
inducing precipitation hardening. Consequently, the increased work hardening reduces ductility
and elongation. Samples that had been cold rolled and annealed had highest UTS value of
311IMPa, butwith subsequent annealing treatments, it decreased to 212MPa, YS decased fr
201MPa to 75MPa, whilmaxelongation increased from 2.8% to 25.2% and final grainveize
516um.Theseensile strengths were synonymous to that of the solutionisecbihblledthen
annealed at 30Q to 38C°C for 4h samplesThis increasén elongationwas thought to be due to
theannealing temperatunecreasinggrain sizeand precipitateaccording t&Equation2.3. Hence,
smallerrefined grainmproved mechanical properties through increased dislocation density that
changé slip systems within the metatinally, the recrystallisation occurred at 300eading to

loss in density of dislocations and corresponding mechanical prog@&tiédsgng et al., 2015)

Mansourinejad and Mirzakhani (201R)vestigated the influence of age hardening and cold
working in a 6061AI (AIMg-Si) alloy. Samples were subjected to a series of heat treatment and
cold work. Cold working reductions were 20%, 40% and 60%, and all samples were homogenised
at 520C/1h then quenched in water. In cold worked samples, the samples are subjected to heavy

strain providing numerous nucleation sites for precipitation to take place increasing hardness and
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strength. Reduced area and elongation is attributed to high dislocation density impeding the flow
of the material. When cold worked samples were aged, elongation (ductility) was improved by
the annihilation of dislocations, strain hardening effect is rediuand work softening in the
material exceeded the detrimental effects of dislocation pinning by precipitates. The potential for
precipitates to nucleate and form increases with the increasing reduction in area as precipitates
lock in dislocations and himal gliding dislocations. Final ageing for samples showed strength

was constant or decreased slightly, while elongation improved.

(a)

Fig. 2.37 Opticalimages ofmicrostructure ofcold rolled 5052Al alloy. a)15%, b)33%, c)46%, d)60%
€)75% f)87%B. Wang et al., 2015)

Solution treatment on the alloy showed that recovery and recrystallisation had taketuplaxe

cold work expanding defect density in the microstructure, thus internal energy causes the
recrystallisation and recovery process to accelerate and the high solution tempatatagrain

growth.
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2.4.2 Effect of cold rolling on additively manufactured metals

Little to no literature is provided on theld rolling of additively manufactured alloyas this is
nottypically performedor lack of application, however observation of the effects of cold rolling
on mechanical properties, microstructure and density may be beneficiiidy by Natali,
Brotzu, and Pilone (2019nade a comparison between thin sheets of 316L stainless steel
produced using additive manufacturing and cold rolling. The microstructures, shbignrss,
exhibit very fine grains in both samples, while shear bands were reported in the cold rolled
samples due to the deformation induced in cold rolling centrally located in the sheés, a8d
elongation wereexamined and showed that UTS and elongation for additively manufactured
samples are lower, than cold rolled samples, but have a higher YS. Waesattributed to a
northeterogenous microstructuend mechanicaproperties,and complicated thermal cycles
induced during the additive manufacturing process. Furthermore, defects sudhaUlamn

and micrporosityresultedin crack propagatioteading to failure andoweredstrength. Both
samples exhibited ductilefracture with many dimples, where increased dimples were visible on

the cold rolled samples.

Fig. 2.38 Planarview ofthe nicrostructure of 316lstainlesssteel- a) rolled, b) additively manufactured
(Natali et al., 2019)

Additionally, the effect of rolling direction on samplesnd sample thickness showed that
mechanical properties remained independentesetiA study byMa et al. (2020a)nvestigated
the enhanad mechanical properties af selectivet laser melted AMg-ScZr alloy by cold
rolling and annealindt was found that theoarsegrainedregions in the alloy were refined by as
much as 30%. This is thought to be due to th€S&l, Zr) precipitategprevention of grain growth
and promotion of thermal stability. Mechanical propemiesamples cold rolled to 80% reduction
in thickness hadrS and TS of 573MPaand 612MPa, respectivelattributedto the high
dislocation density anithduced point defects to inhibit dislocation movemeétgnce improved

tensile properties of the allayere apparent
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24.3 Summary

Cold rolling can improve the hardness and tensile strengths-bfgfdlloys through increasing
dislocation density inducing changes in microstructuresolid solution hardeningand
precipitation hardeninglhis shows that Scalmalloy could benefit from cold rolling in terms of
refinement in microstructurand improved mechanical propertiedowever,very little to no
literature has been reported on cold rollioy Scalmalloy As cold rolling is not typically
performed on additively manufactured allogisyalid comparisogan be madbeetween the cold
rolled microstructure of the additively manufactuecalmalloy and conventiongt extruded
alumirium alloys Furthermorethe effect ofcold rolling and cold rolling and heat treatment

themicrostructwe and mechanical properties of Scalmalian be observed and reported
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2.5 Gastungstenarc welding

This section will provide background @as Tungsten Aravelding(GTAW) methodandstudies

of GTAW on aluminiumalloys GTAW andother types of welding addditively manufactured

metalswill also be discussed.

2.5.1 Definition and characteristics of gastungstenarc welding process

Welding is a common joiningnethod for metaland plasticsThere are different types of welding

proceses the most common of which is fusiarelding. Fusion welithg joins two pieces of metal

by heating both to melting poirstnd then having them solidify togetherftse intoone piece
(Subbaiah, 2019)GTAW is afusionwelding methd that can weld both ferrous and rfamrous

metals. It is extremely economical, easy to use, and welded joirtiavaayoodjuality, making

it the most commonly used fusion welding prog@&ashney & Kumar, 2021 GTAW consists

of various componentshownin Fig. 239. The power source supplies a constant current to the

non-consumable tungsten electrode to produce the energy needed to melt the metals. A filler metal

is usually used to aid in the fusion processh ifert shielding gas, usually argon helium to

protect the welding environment from oxidati@distributed around the weld throutitenozzle

(Bgachni o,

by the welding parameters such as power input, weld speed, filler material, welding angle,

Kugaszka,

CMhaerdscopically,ithevéld joingis atéotddn vy

electrode diameter, shielding gas, electric curtgme, and welding voltageThese may be pre
determined by the weldékMessler Jr, 2008)

TIG hand grip

Incoming coolant (cold)

@ Current-carrying wire

Gas nozzle

Tungsten electrode

Outgoing coolant (hot)

Arc

TIG filler metal

Welded material

Outgoing shielding gas

Protective atmosphere

Solidified metal

Fig. 2.39 Schematic of GTAW ProcessBgac hni o et al .

2016)
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Fig. 2.41 Different solidification modes affected by constitutional supercogkiag:, 2003)

During the welding process, three distinct areas emacgessthe weld profile, shown ifrig.

240. The main areas are the fusion zone (RBE area that is in direct contact with the tungsten
electrode and metals being meltéde true heaaffected zone (HAZ) the zone thermally
affected by the heat from the welding pro¢cesal the parent material or base metal (BM) which
remains unchanged. A partially melted zone (PMZ) may be seen in the fused zone indicated in
Fig. 240, however this may not be abved at all for alloys with very short solidification

temperature rang€ki, Zou, Yao, & Peng, 2017; Messler Jr, 2008)

After welding has ceased, different types of grain structures may afteursolidification.
Quality of the welded joint and its eohanical propertiessuch as strengtthardnessand
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elongation are dependent on this grain structufiéhe thermodynamic aspect affecting
solidification is helocation of thesolid liquid interfice depicted ifig. 2.41 as a phase diagram
Constitutional supercooling is the cooling of a liquid to its freezing point wittaidifying and
affects the solidification mode of the welBig. 241 alsoshows tle four typicalgrain formations

I planar, cellular, columnar dendritic, and equiaxed dendriféected by constitutional
supercooling whereby the dege of constitutional supercooling corresponds to the grain
structure (Kou, 2003)

25.2 Gastungstenarc welding of aluminium alloys

Aluminium has high thermal conductivity, possessomeexcellent weldability and good heat
efficiency making it very responsive to thégh-powerinput experienced durinGTAW and

other higher power welding/arshney & Kumar, 2021)he lifecycle (strength) of a weld joint

is dependent upon the mechanical properties of theameldpon the number of defects present
within the weld mainly focusing on the FZ, but fracture can occur at the HAZ due to coarser
grains forming here attributed to elevated temperatures. Lack of fusion, lack of weld penetration,
porosity,inclusions,and cracks can be the prevailing defects and should be minimized where
possibleas this carfacilitate component failur¢D.-k. Zhang et al., 2019A good balance of
welding parameters is necessary to enmgehanical properties are optimized, while defects are
minimized GTAW weld parameters have been researched Béhnavas and Dhas (2017)
investigated the effect of wetlcurrent and shielding gas floon the tensile strengtbf welds

using GTAW welding and friction stir welding (FSW)where FSW is a type of solstate
welding andthese results were compardthey found that the welding current increased tensile
strengths slightly as weld penetration is increased improving weld properties. Shielding gas flow
rate alsanfluencedstrength, whereby a moderate level was benefigdditionally, g-ain growth
occurred in the weldespecially the HAZdue to the elevated temperatures during welding.
Cetkin, Celik, and Temiz (201%pmpared effects of GTAW and MIG welding parameters on
the microstructure and mechanical properties of an AA7075 and AA5182 Al alloy. Again, a
higher welding current induced sufficient weld penetration resulting in less porosity. All round,
the GTAW weldnents exhibited better mechanical properties in terms of tensile strength,
hardnessand fatigue than the MIG sampleBhe effects of weld penetration on the tensile
properties of a 2219Al alloy was investigatedbyk. Zhang et al. (2019nd it was reported

that weld penetration does have some effect on the tensile properties. Hence, it was found that
weld penetration can be controlled by the welding current and welding voltage, although all
welding parameters should be considered toeaehsuitable weld penetratiorHence, weld

parameters are important in achievingoad, weldedoint.

Apart from welding parameters, the overall effect of GTAW on aluminium alloy mechanical
properties and microstructures has been obsetved. study byY. Liu et al. (2012)the
microstructures and mechanical properties of GTAW and GMAW (Mig welding) were studied.

They found that GTAW wekl were visually better and less defectivehan the GMAW
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weldments. Slower welding speeds and arc cleaning from the shielding gas reduced pores
resulting in higher tensile strengths.homogenous equiaxed grain structure developed in the
centre of thaveld, and these wermore ductile showing dimptkfracture with coalescencin

another study bip. Zhang et al. (201%)bservedheinconsistencies of mechanical properties for

the same alloy. It was found that these were dtieetaliffering shapes of the weld joints and the
presence of a coarse eutectic microstructure. Additionally, parameters such as welding heat input
and wire feeding speed affected tensile strength and microharéfezss it was important to
consider the geometrical and metallurgical attributes during the wepdoagssA study by
Arunkumar and Subbaiah (201@)nducted welding trials usitgTAW on cast AIMg-Sc alloys.

GTAW welded joints exhibitedoodhardnessbuthardness profile was constant until it reached

HAZ and FZ where a sharp drop occurred but then rose again until it reachédrgess.
Tensile strengthsvere reasonable amagnesiumseemed to evaporate fully in the welche
microstructureof the FZ, shown in Fig2.42a consists of fine homogenously distributedS&l
recrystallising from solutionsing and heat treatm@&l to HAZ is shown in Fig2.42b and
showsrecrystallisation of AISc precipitates and no shrinkage voids are app&@srall gas pores
(<50um) can also be seen here due to melting and solidification in GIrAwéssAdditionally,

fracture occurred in the HAZ zonleie to coarsening of grains in this regi@.Xu et al. (2016)
studied whethea new AIMg-Mn-ScZr alloy could be joined usingGTAW welding and the
mechanical properties and microstructure were examih&ghs possible to join this alloy by
GTAW and mechanical properties, such as strength and hardeesdsechcceptabléevels,and

some were higher than the-east alloy Microstructures of this weld is shown in Fig. 2.43
consisted of a cast dendritic and super saturated solid solution in FZ and some gas pores are
evident here, HAZ consists of coarsened elongated grains due to heat from welding, and the BM
remains unaffeetd as weldig does not affect this area. Microhardness was also reported to have
a downward trend as it transitioned from BM to HAZ and then drops sharply in the FZ before

rising again to BM hardness, which is consistent with the relevant microstructures in each zone

Fig. 2.42 a) Microstructure of FZ and b) microstructure of BM and HAZ for @1dast AtMg-Sc alloy
adapted from{(Arunkumar & Subbaiah, 2019)
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Fig. 2.43 Microstructure of GTAW joints of Mg-ScZr alloy. a) macrostructure, b) FZ, c) HAB. Xu
et al., 2016)

2.5.3 Welding of additively manufactured metals

Welding of additively manufacturechetals isbeneficialas geometrically complexadditively
manufactured parts can gned to existing structures or oth@mponentsComponentsize
limitations in AM is a common problendue to a restricteduild chamber size and footprint
GTAW can be particularly advantageous as it offers an inexpensive anglaasfjoining costly
additively manufactured metal compone(i#atilainen et al., 2016; Shanavas & Dhas, 2017)
However, there areery few studiesonducted usin@GTAW on additively manufactured parts;
hence, the following studies are based upoth GTAW andlaserbeamwelding, where laser
beamwelding studies offer observations of the influence of weldimgdditively manufactured
componentshat could occur durinGTAW.

Makikangas, Rautio, Mustakangas, and Mantyjarvi (20d@@stigated the suitability of laser
welding on a selectively laser melted AlSi10Mg based alloy. This alloy was successfully joined
by laser welding. Averagensilestrength was found to be 63% lower than the as built specimen
and pores as large as 0.7mm were found in the FZ of the eltie weld shape wagodwith
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minimum welding spatterddowever,more research needto be done taninimize porosity
Matilainen et al. (20163tudied the weldability ghbowder bed fusion (PBR}tainless steelt was

found that PBF exhibited good weldability when energy input was low atethis full weld
penetration. However, when energy input was Hajtge pores generated within the weld. Also,
crack tendencies were apparent and thought to be due to residual stresses within PBF components
butmore researctvasneeded to conclusively determine the root causes of tineseother study
involving laser beam welding)its and Becker (2015hvestigated joininga selective laser
meltedtitanium part with similadaser weldingprocessparameters as thdbr conventional
titanium partsHowever the conventional process settirmalld not be transferred from one to
anotherasthe weld geometrnbecamdrregular. A higher energy and slightly different process
settings were suggestedl study byPasang et al. (201#)vestigated the mechanical properties,
strain distribution and microstructure of the additively manufactured SS316L foll@iAyV
welding. This alloy was easily welded through GTAW, and precipitates were apparent in FZ and
BM, but lacking in HAZ as these dissolved due to elevated temperatures during GTAW. Hardness
remained at original BM values and was consistent throughout the weld peofiiées alloy is

non heat treatable. Additionally, tensile strengths were higher than-théliasondition with

primarily ductile fracture occurring.

A study by Xu(P. Xu et al., 2018)eported the effects Variable Polarity Plasma Arc welding had

on an AtMg-ScZr alloy. Microhardness was consistent across the BM but dropped sharply
across HAZ and FZ and then slowly rose to the original BM values. Fig.shdws the
macrostructure and the microstructures of the weld zone. The FZ consists of equiaxed dendritic
grains (2@um to 40um in size), HAZ consists of coarser grains than BM due to heat input from
welding, and some recrystallised grains near the bond. Tensile strengths are algdshigh

than BM due to the high heat suppressingsSalprecipitates from forming.

C. Zhang et al. (201%ompared GTAW and laser weldifgy an AlSi10Mg cast and selective
laser mekdalloy. Theselective laser meltealloy had very high pore susceptibilithye topre-
existinghigh hydrogen content compared to the cast alloy. Tensile streagthlso inferior to
the cast alloy, while alamples had very low elongatidfurthermore, a studyy Cui et al. (2022)
compared welding methods that would reduce hydrogen pore susceptibilitgia®/g in both
the cast andelective laser melteldrm. Autogenoussingle pass and laser melting deposition
(LMD) welding were compared resulting in LMD having the highest mechanical propkrées

to a smallemelting zone resulting in less hydrogen entering the weld pool
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Fig. 2.44 Microstructure of AIMg-ScZr alloy a) Macrostructure of weld, b)FZ, ¢) HAZ, d) EFl Xu et
al., 2018)

2.5.4 Summary
Welding of metal parts is very beneficial, especially additively manufactured, partthis

eliminates sizing issues andn be done cheapli is also clear that aluminium alloys drighly
compatible with GTAWand can be used on additively manufactligdloys in a satisfactory
manner, especially those produced usingrPBurthermore,parameters often need to be
optimized for these partmd fusion welding has proven to be difficidt aluminium additively
manufactured alloys due to their hydrogen susceptibilitpwever, GTAW (welding) of
Scalmalloy has not beeeported, thereforehe effect and processing GITAW on Scalmalloy
can be exploretb determine whether it is feasibleeld Scalmalloy usinGTAW with standard
GTAW parametersften used omluminium alloys The effects on theesultingmicrostructure

across the weld arttie prevailingmechanical propertiesill also be observed aneported
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Chapter 3 Design ofstudy

This chapter will discuss thdesign of studyfor eachresearch topiand incorporates the

necessary steps of manufacturingsting, and analysingmicrostructures and mechanical

propertieshoth qualitatively andjuantitively. There are three main studieshis researckach

having slightly different methods to one anothbee SLM parameter studyChapter 4) cold
rolling and heat treatment stu@@hapter 5and GTAW Welding stud{Chapter 6) A schematic

outline for the design of each study is shown in FigaBd thesubsequergectionsexplain each

in detail.

Parameter

'Hard?ess 0P, SEM
*Density
Legend
OP - Optical Microscopy
SEM - Scanning electron microscopy
EBSD — Electron scanning backscatter diffraction
SR — Surface roughness testing
HV — Hardness testing
EDS — Energy dispersive spectroscopy
Tensile — Tensile testing
Density — Archimedes Density Test

Fig. 3.1 Design ofstudy schematic
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The following section outlines the method of preparation of the samples for each topic of study

in this research.

3.1.1 Selectivéasermelting parameter study

It was necessary to develop SLNMopes parametes to manufactureScalmalloysamplesof

>99% relative densities usingReenishaw AM 400BM . This sectionwill include themethodof

obtainingtheseoptimal SLM parametersPlease notthat tre experimental methoexplained in

this sectiorhas similar elements to the experimemathodreportedn Celine Turangi, Haslich,

and Pasang (202@kthisis earlier publishedesearclof the work on hand.
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3.1.1.1 Selectivelasermelting machine

A Renishaw AM 40&LM machinewasoutfitted with a pulsed laser having a maximum power
of 400W and a laser focus diameter of 70fime buildchambemwas250mm x 250nmx 300mm

in sizeand usd an argon shielding gas flow. Samplesrebuilt on astainlesssteelbuild platform
and the surfacef thebuild platformwaseither milled orsandlastedbefore each us&tandard
software was used with each layer being hatchatiréctionally first and then two single scan

tracks of contour and alternating hatch direction Si&erwise.

3.1.1.2 Scalmalloypowder characterisation

Scalmalloy powder was obtained from LPW Technology and chemical composition can be seen
in Table 31. From the material data sheet provided by LPW Technology, 0 wt% of the particles
were larger than 63um according to sieve analysis and 6 vol% particke$oued to be smaller

than 20um according to the laser size diffraction analysis. For accuracy, powder morphology was
assessed using a Hitachi- S0 SEM (section 3.5.3) according to the standard VDI 3405 Part 2.

A minimal amount of powder was distributetito a carbon adhesive strip to ensure electric
conductivity and 5kV voltage was used with the HitachiBUSEM. Gas porosity was also
investigated where samples were cold mounted using Struers EpoFix epoxy resin and hardener.
Metallography (section 3.5.1vas carried out upon these powder samples an examined using an
Olympus BX51M optical microscope (section 3.5.2). Three different optical micrographs at 100x
magnification were taken of all cut particles with visible inner pores where the total number of
these pores were analysed and counted lisiage Joftware. Microhardness testing was carried

out upon the cut crossection powder particle samples according to section 3.4.3. Only spherical
powder particles having similar diameters with the edge at least 2.5x distances away from
indentation diagonal teyth were tested. In addition, samples were coated with a thin film of nm
platinum for electric conductivity for the SEM system which is thought to be negligible during

microhardness testing.

Table3-1 Chemicalcomposition oScdmalloy from data sheet (refer td=ig. A.1 inAppendixA)

/wit% Al Mg Sc Zr Mn Si Fe Zn Ti Cu V ®)
Max. bal. | 4.90 | 0.80 | 0.50 | 0.80 | 0.40 | 0.40 | 0.25 | 0.15 | 0.10 | 0.05 | 0.05
Analysis. | bal. | 4.55 | 0.65|0.30 | 051 | 0.16 | 0.14 | 0.02 | 0.01 | 0.01 | 0.01 | 0.04
Min. 4.00 | 0.60 | 0.20 | 0.03 | ---

3.1.1.3Initial verification of selectivelasermelting processparameters

Spierings et al(A. B. Spierings, Dawson, Dumitraschkewitz, et al., 2018; A. B. Spierings,
Dawson, Heeling, et al., 2017; A. B. Spierings, Dawson, Kern, et al., 2017; A. B. Spierings,
Dawson, Uggowitzer, et al., 2018; Adriaan B. Spierings et al., 2d\&researched Scalmalloy
heavily in regards toprocessing, mechanical properties and microstrudtuneecent years.
Adriaan B. Spierings et al. (201é¢velopegrocess parameters that manufactured >99% relative

density Scalmalloy samples and was used as a starting point for the work on hand.

50



Table 32 lists the process parameters developed by Spierings(Atlehan B. Spierings et al.,
2016) and the process parameters used in this work. There are differences in elemental
composition of Scalmalloy, scan strategy, SLM machine and laser focus diameter between

Adriaan B. Spierings et al. (2018hd the work on hand, which may cause some differences in

the results.

Table3-2 Comparison of process parameters fr8piering et al. (Adriaan B. Spierings et al., 2016hd

process parameters used in this work

ProcessParameters Adriaan B. Spierings et al. (2016) | Process Parameters usefbr the
Process Parameters work on hand
SLM Machine Concept Laser M2 Am Renishaw 400

Laser Power

Laser focus diameter

Layerthickness

200w 400W
100pm 70pum
30pum 30um

Scan strategy

Bi-directional and alternating by 90
layerwise

Bi-directional and alternating by
67° layerwise

Hatch distance

135é61650m

135é61650m

Energy volume density

1206240 J/ mm

1206240 J/ m

Chemical Composition

Al-Mg4.6-S¢0.662r0.42Mn0.49

Al-4.5Mg-0.6S¢0.3Zr

Due to his, an initial verificationof parameters was necessaoysisting obne build jobof five
10mmx 10mmx 10mm size cubes spaced 20mm apart, supported by 3mm high strumtiltes

in the centre of the build platforffig. 3.2). In addition, a laser power of 400Wiasused in this
research to substantially increase productivity and employ the full potential of the SLM machine
Each cube sample was subjected to a different energy volume dendiguation2.1 was used

to calculateenergy volume densitied 80J/mn¥, 12Q)/mn?, 15Q/mne, 24Q/mn? and 280J/mrh
when hatch distancaf 150um and layer thickness of 30memained constanCorresponding
scan speeds were 1tif/s 74Imm/s 593nm/s 370nm/sand 317mm/sExpected findings
from Spierings et glAdriaan B. Spierings et al., 201&)e show in Fig 33 in relation to relative
density chanipg with varying energy volume density-urthermore, &ch cube was visually
inspectedand dimensional accura®f opposing cube faces and lengths of upper cube edges

weremeasuredvith a micromete.

3.11.4 Evaluation of relative densities,microhardness anddefects

Relative densitiesereassessed for each cube samping thé\rchimedes densitgneasurement
test conductedaccordingto section 3.1 to determinethe level ofinner porosity Samples
underwent metallographyptical microscopy (OPand scanning electron microscopy (SEM)
according to sectionsR1, 35.2 and 35.3, respectivelySEM was used tmvestigateporosity

and surface topologgndSEM and OP was used to observerttierostructure
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Fig. 3.2 Build Job Layout on Renishaw AM 400 LBtdelplatform for first build job with cubes
numbered froni-5
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Fig. 3.3 Expected findings of relative density for chosen energy volume densities from results of (Adriaan
B. Spierings et al., 2016)
Microhardness testing was carried out according to sec#o®@ each metallographic sample

and compared with powder partictécrohardnesséfer toChapterd).

3.11.5 Investigation of selectivelasermelting parameter window

Findings from the initial build jol§refer to Chapter 43howedthe expected findings from the
work on handFig 4.4, had shiftedo the rightdue to laser power of 400@mpared t@xpected
findings fromSpierings et aAdriaan B. Spierings et al., 20163ing laser power of 200\(¥ig
3.3). Thereforecorresponding resulfsom this work do not showhefull parameter windowbut

52



only part of it,whencompared tdSpierings et a(Adriaan B. Spierings et al., 2016@jlence a
secondbuild job was necessaryThe secondbuild job was identical to the first buildjob
(according to section 31.3); however the energy volume densitiggerechanged t@0J/mn?,
45)/mn¥, 6Q)/mn¥, 80)/mn?, and 100J/mni with correspondingscanspeeds of 2968m/s
1975mm/s 1481mm/s 111inm/sand 889mm/sThe newly calculatedscan speeds and energy
volume densities ensured a full Suddrameter process windomas exploredor the work on
handin comparison t@xpected findings frorBpierings et alAdriaan B. Spierings et al., 2016)
Similar tothe first build job, all samples from this second build job were analysed according to

the methods and equipment outlined in sectioril3ll.

3.1.1.6 Reproducibility and influence oflayout position

Reproducibility of sampleswas assessedo ensureasbuilt samples yieldd >99% relative
densities using optimum SLM parametergardless of the number of build jdiosfer to Chapter

4). Influence of layout position on the build platform was also investigated to deternmfiedis

on the asbuilt samplesTherefore, to inspect intrand inter build reproducibility of samples,

the following experimental procedure was establisiBuatee build jobs were carried out
consecutively using optimal SLM parameter (refer to Chapter 4). A total of 75 cubem (10
x10mm x10mm) were built with 25 samples per a build job. These were arranged in a 5x5 array
200mm in length and width, within the mountihgles of the build platform shown in Fig. 3.4.

Each cube sample was assigned a number to track its position on the build platform and determine
influence of layout position regarding relative densities. Archimedes denssiysiestion 3.4.1)

werecarried out to determine and compare relative densities of all 75 cube samples.
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Fig. 3.4 Layout of cube samples on build platform in a 5x5 array to assess reproducibility and influence

of layout position

3.2.1Cold rolling and heattreatment of Scalmalloystudy

The experimental procedure fdme cold rolling and heat treatment stuidyoutlined in the
following sectionsPlease note that elements of the experimental procedure discussegehere
the same as thoseported inCeline Turangi et al. (202@)s this earlier publishagsearclof the
work on hand.

3.21.1 Sample manufacturing and preparation

Scalmalloy samples wersanufacturedising optimal SLM parameteabtained during the SLM
parameter study explaindd section 3.1.1As established earliebuild direction bears no
measurableeffect upon the finishedomponent hence samples were built horizontall{XY
direction) to minimise build time and material usadggcalmalloy sampleseremanufacturedn
two geometries tensilesamplegeometryshownin Fig. 3.5aandsquaresamplegeometryshown
in Fig. 3.5b, as these will be subject to differdrgat treatment and cold rollimgnditions before

testing.
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Fig. 3.5 Dimensioned drawing (a) tensigpecimen, (b) square specimeanly for Scalmalloy to be

additively manufactured for cold rolling, (c) extruded plates wire cut for cold rol{ungjts are in mmh

Table3-3 Composition of 5052AI and 5083Al
Base Al Mg Mn Si Fe Cu Cr

Metal
5052Al Bal. 2.70 0.07 0.43 0.36 0.04 --- %wt
5083Al Bal. 3.5 050 0.30 0.25 --—- 0.26 %wt

5052Al and 5083Aklloy extruded plates having a thickness of 3mm were obtainedUitsith
Aluminiumto be compared with Scalmalloyheir composition is given in Table-3 As
mentioned earlier in section 2.1.4, 5052Al and 5083Al were chosen as comparison to Scalmalloy
samples as these belong to the same alloying group-BIgA000 series alloysSimilarly, to
Scalmalloy samplesensilesamplesvere wire cut from the extruded plates accordingritp

3.5a, while 150mm x 100mm rectangles wemgire cut from the extruded platehown inFig.

3.5c as these also were subject to different conditianihgnust benotedthat the extruded
aluminium alloys are 0.5mm thicker than the Scalmalloy samples, as it was necessary to test
sample in the aseceived state. This will not affect the observation of microstructure and
microhardness, but only tensiérengthwhich is not significant as this data is only used as a

baseline for the work on hand
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3.21.2 Coldrolling method

Scalmalloy square sampleshown inFig. 3.5b, and 5083Al and 5052Alectangular samples

shown inFig.3.5¢, were subjected to cold rolling. Each one was reduced in thickness by 10% and
30% (from a thickness of 2.5mm 25mm and 1.75mm, respectivehSimilarly, 5052Al and

5083Al rectangular sampleshown inFig.3.5¢, were reduced in thickness 9% and 3@ (from

a thickness of 3mm to 2.7mm and 2.1mespectively) These samples were then wire cut into

tensile sample shapes showrFig.35aand r ef erred t o pkes Thesivere 6 c ol
cold rolled at ambient temperature and pagkealigh therollers as many times as needed to
achievefinal intended reduction in thicknes¥hesewere wire cut into the tensile sample

geometry shown ifrig 35a. All offcutswere preserved fdatertesting and sample analysis.

3.21.3 Heattreatment conditions

Preliminary tests were conducted to test suitable heat treatment temperatures and showed that
heat treatments with temperatures exceedin§G4€sulted in melting within the sample, hence
melting occurred below the expected melting point ofP66(@s per the data sheet in Appendix

A). A thermogravimetrid TGA) test was performed amemanufactured Scalmalloy sampte
determine the exact melting point of Scalmalloy used in this work and ensured the chosen heat
treatment conditions did not causeal melting or other undesirable occurrences. The TGA graph
can be seen in Fig. 3.6wo more samples were test@thown inFig. A.2 and A.3n Appendix

A) resulting in an averagrelting pointfor Scalmalloyfor thework on handas 618C. Therefore,

this hasbeenthe heat treatment limit in selecting heat treatment conditideat treatment was
carried out on the Scalmalloy samples only, as the 5052Al and 5083Al ateatireatable.
Heattreatment conditions are listed Table 34. Heat treatment 1 (HT1) was chosen based on

the ALSc phase diagranshown in Fig. 2.19as theAls(ScZrix) second phase particlese
expected t@recipitateat this temperaturduring heat treatmenthis is also below the melting
temperature givem Fig. 3.6, ensuringthere is no melting (liquid) occurring within the sample.
Heat treatmen? (HT?2) is a mixture ofHT1 andthe typical heatreatment of 32% as given in

the literaturgA. B. Spierings, Dawson, Kern, et al., 201while heat treatment 3 (HT3) is based

on the AkMg phase diagranfurthermorethese heat treatment conditions weegctedn the

basis that thehave not been reported in the literature.

T6 heattreatmenprocessvas use@s this is a typical heat treatment process for aluminum alloys
(Yu & Wang, 2018) where the thermomechanical diagrams for the diffehesat treatment
conditionsareshownin Fig. 3771 Fig. 3.9, and hreedifferent heat treatments were applied to the

as built and cold rolled Scalmalloy samples.
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Fig. 3.6 Thermogavimetric graph showing the actual melting temperature of Scalmatdyin this work

Table3-4 Selectedheat treatment conditions

Heat Treatment Conditions

HT1 - 45(°C /1hi selected based upon-8kc Phase Diagragiven in section 2.1
and melting temperature of Scalmalloy

HT2 - 450°C /1h,water quenched (WQheat treated &25°C /4h WQ -
selected based upon multiple auth@sutny et al., 2018; R. Li et al., 2019;
Schmidtke et al., 2011; A. B. Spierings, Dawson, Kern, et al., 2017; Zhao
al., 2021)

HT3 - 450°C /1h, WQ, heat treated1at>C /8h, selected based on-Kig
Phase Diagram
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Fig. 3.8 Thermomechanicaliagram of HI2 (450/1h, WQ, then heat treated at 2Z38h)
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Fig. 3.9 Thermomechanical Diagram of HT3 (#8h, WQ, then heat treated at then heat treated at
325°C/4h)

Fig. 3.10 and 3.11 show schematisequencesfdhow samplesvere conditionedas there are
differentcombinations oheat treatment and cold working conditi@pplied to a single sample.
Onceall samples wereonditioned (cold rolled, heat treatethey were set aside to be prepared
for testing and sample analysfss built or as received samples are consider@tdconditioned
Table 35 showsthe abbreviations for the different heat treatment and cold rolled conditions for
the samples of Scalmalloy, 5052AI and 5083#hich will be used through themainder of this

thesis

Fig. 3.10 Sample Conditionindiagram forextrudedaluminiumalloys

10% roll

Reduction
Cold Rolled
30% Roll

Reduction
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Fig. 3.11 Sample conditioningiagram forScalmalloy
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Table3-5 Abbreviations for samples to indicate condition for wmmditioned, cold rolled, and heat

treated samples

Abbreviation

Description

AR As Received in the condition from which it was received amy refers to
5052Al and 5083Al alloys
AB As builtT in the condition immediately after manufacturing processcayglrefers
to Scalmalloy
10% CR As built or as received condition caldlled to 10% reduction in thickness. Can
refer to both Scalmalloy and the extruded aluminium alloys
30% CR As built or as received condition cold rolled to 30% reduction in thickness. Car
refer to both Scalmalloy and the extruded aluminium alloys
AB+HT1 As built condition heat treated at #8031h, then WQOnly refers to Scalmalloy
AB+HT2 As built condition heat treated at £831h, WQ, heat treated at 38h, then
air cooled to room temperatu@nly refers to Scalmalloy
AB+HT3 As Built condition heat treated at £801h, WQ, heat treated at 3234h, then air
cooled to room temperatur@nly refers to Scalmalloy
10%CR+HT1 | As built condition cold rolled to 10% reduction in thickness and heat treated at
450°C/1h, then WQOnly refers to Scalmalloy
10%CR+HT2 | As built condition cold rolled t40% reduction in thickness and heat treated at
45(°C/1h, WQ, heat treated at I'38h, then air cooled to room temperat@aly
refers to Scalmalloy
10%CR+HT3 | As built condition cold rolled to 10% reduction in thickness heat treated at
45(°C/1h, WQ, heat treated at 3234h, then air cooled to room temperat@aly
refers to Scalmalloy
30%CR+HT1 | As built condition cold rolled to 30% reduction in thickness and heat treated at
450°C/1h, then WQOnly refers to Scalmalloy
30%CR+HT2 | As built samplecold rolled to 30% reduction in thickness heat treated &GI8,
WQ, heat treated at 1%5/8h, then air cooled to room temperat@ely refers to
Scalmalloy
30%CR+HT3 | As built condition cold rolled to 30% reduction in thickness heat treated at

45(°C/1h, WQ, heat treated at 3234h, then air cooled to room temperat@aly
refers to Scalmalloy
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3.3.1 Welding of Scalmalloystudy
This sectionoutlinesthe GasTungsten Arc Weldingnethod used on Scalmalloy, 5052Al and
5083Al samples. Sample building and procurement, the welding mad@deon the experiment

and thewelding parameters are discussed in the follovgection

3.3.1.1 Samplemanufacturing and preparation

Scalmalloysampledor weldingwerebuilt using theoptimal SLM process paramet&stablished

in Chapter 4 and wer@Omm x 27mm x 2mm in size(Fig. 3.12). A layout of the Scalmalloy
samplesn the build platfornis shown inFig. 313, where samples abiilt in theXY direction
Extrudedaluminium samples for welding, like the Scalmalloy sampl&srewire cut into the
geometryshownin Fig. 3.22. Samples were then welded together and then wire cut into the

geometryshownin Fig. 315a.

60 2

A

27

Fig. 3.12 Dimensioned drawing of samples for weldingnitsare in mm

40mm

Scalmalloy
manufactured
samples Build
Platform

Fig. 3.13 Scalmalloy samples for welding on build platfdrmanits are in mm
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3.3.1.2Gastungstenarc welding machine

A Hobart Tigwave 250 AC/DC Arc Weldeshown in Fig. 3.4, was employed to weld
Scalmalloy, 5052AI and 5083Al samples together to formrentangle 6mm x 54mm in size

with a thicknes®f 2mm via a butt weld.

Fig. 3.14 Hobart Tigwave 250 AC/DC Arc Welder

< 50 -
25
Y L —
a) 2/© I:I
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R10 Weld
|
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b) < [ ]
Y o N
A‘ |
Y
) ]
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Weld | Extruded Al /
Scalmalloy Bead | Scalmalloy
d) — ]
L — TSN ——]
~45% ~10% =45%

Fig. 3.15Geometry of tensile test specimen showing dimensions. Side view of b) as welded cross
sectional view and c) post machined crssstional view and d) proportions of Scalmalloy, extruded Al
alloy and welded metal over the entire length of the sample, vineggercentages refer to the

approximate proportions of each material contained in the samflmits are in mm)
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3.3.1.3Gastungstenarc welding parameters

The GTAW welding parameters are mdiuced in this sectioifable 36 summarises the welding
parameters that remained constant based on available literature for welding 5083Al and 5052Al
alloys (Lei, Deng, Peng, Yin, & Xu, 2013; Y. Liu et al., 2012; Messler Jr, 2008; Shanavas &
Dhas, 2017; Subbaiah, 201%amples were welded in the following method: Scalmalloy to
Scalmalloy, Scalmalloyt6 0 5 2 Al and Scal malloy to 5083Al [
and 6post machined (PM)&é condition. PM condi
removed by wire cutting to suit the original thickness of 2mm. The AW condition refers to the
weld nugget being left intact on the samplelding current was the only varyingelding
parameter among the three aluminium allagsveld penetratioand deposition rate caffect

the quality of the weld, where a low welding current can tasuéack of penetratiorand lack of
fusion,while a high welding currerdancausepremature hatracking Hence, the welding current

varies due to the varying composition of ealoy being weldedandis wherebydetermined

based upon preliminary welding te¢Bhanavas & Dhas, 2017; Shankar & Wu, 2002; W. Wang

et al., 2018)Optimal currents are listed Trable 37. Theseare consistent with the typical welding
currents for the 5xxx aluminium alloys reported to be betwee8020according to literature
(Shanavas & Dhas, 2017; Shankar & Wu, 2002; W. Wang et al., .28@@8|jtionally, the
composition of the filler wire of 5356Al is listed in Table33

Table3-6 Constant Welding Parameters

Parameters Values

Electrode Material Tungsten

Welding Angle(°) a45

Filler Wire 5356Al

Electrode diametgimm) 2

Weld Speedmm/s) 3.6

Shielding Gas Argon

Welding/GagFlow (I/min) 81

Electric Current Type AC T High Frequency, Continuous
Welding Voltage(V) 9

Table3-7 Selected Welding Currents based upon preliminary weld tests

Parameters Values
Scalmalloy- 5083Al Welding CurrenfA) 85
Scalmalloy- 5052AI1 Welding CurrenA) 88
Scalmalloy Welding Currer(®\) 81
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Table3-8 Composition of Filler Wire 5356Al
Filler Metal Al Mg Mn Si Fe Cu 2Zn Cr

5356Al Bal. 50 0.07 022 0.3 01 0.1 0.45 %wt

The PM samples ensutéhat the area for tensile testing was uniform and tensile results were not
influenced by a variable cross section by the weld bead remaining intact. AW samples were
included for information since it is not always possible or practical to remove the addrb

real life applications. The tensile strength of each sampealculated individually using their
nominal cross sections given in Fig 8.Fig. 3.15a shows the tensile geomefor the welded
samples with thevelded regiorocatedin the centre bthe sampleThe AW samples had a
nominal cross section of 6mm (gauge length size) and 4mm due to the size of the weld bead (Fig.
3.15h). PM samples had a nominal cross section of Gmth2mm (Fig. 33c). The approximate
proportions fothebase metal substratesti@welded zone is given in Fi§.15d for information

as the elongation will be measured along the overall length of the sample.
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3.4 Mechanicaltesting

This sectioroutlinesanddescribeshe mechanical tests used in this experiment. Tetedlgng
hardnessesting fatigue testingArchimedes density measurement and surface rougltessg)

are included here

3.4.1 Relative density evaluation by ArchimedesPrinciple

Archimedes densitpneasuremeriestwasused to determine the relative densities of each sample

as this is one of the simplest and most efficient ways in determining relative densities of a part
The samples were weighed in air and then in ethanol while being attached to a thin metallic wire
supported by a metal frame, shown in Bits. A BSM220.4lectronic balance with accuracy of

0.1mg was used to weigh the samples. Each sample in both air and ethanol were weighed three
times to account for temperatwiéferences and othgrossibleerrors. Absolute densities were

calculated usingquation3.1 taking the theoretical density of Scalmalloy as 2.67%/cm

” —0 Y Equation3.1

Fig. 3.16 Archimedes Density Measurement Experimental Setup

3.4.2 Strength analysis bytensiletesting with digital imagecorrelation

Tensile testingvas carried out usindgiteesystems. Th&inius OleserTensile Testing System
Zwick 1476 Universal Testing Machine Limess VERTSS position measuring\sitht&igital
Image CorrelatiofDIC) andthe Autograph Universal Testing Machine Agialsoequipped with
DIC. A position rate of 3mm/min and a 10kN load eedis used for all testd minimum of three
samplesper condition were testeathd the mean value was calculated for all tensile properties

One sample of each condition were either tensile tesittothe Zwick 1476 Universal Testing
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Machine LimessVERTSS position measuring systamd an Autograph Universal Testing
Machine Agls with DIC Imaging while theremaining samplesvere tested with th&inius

OlesenTensile Testing System

3.4.3 Microhardness assessment bjardnesstesting

Vickers microhardness testing was carried out upon samples using8@0ATtester. A dwell

time of 10 seconds and a load of 100fg was used. This test was used to compare hardness among
the samples subjected to different conditions and was also used to compare hardness among
powdersamples for determining optimal SLM parameter€ivapter 4Ten indents were made

along the sample in the horizontal (x), transverse (y) and longitudinal (z) ptemidhe mean

value was calculated’hemicrohardness of the welded samplesrecorded slightly differently,

where readings were taken from left to right starting at the Scalmalloy base metal side and
continuing through heat affected zoandwelded region until finally reaching the next base metal
substratealong the transverse plane perpendicular to the weld.pldnigewas done to illustrate

the vaying microhardnesthrough each region

3.4.4 Surfacetopology inspection byprofilometer

Surface roughness was measured uaihgylor Hobson Ultra 2006 versiowhereten readings
were taken per a sample upon each surface in the horizontal gyetse (y) and longitudinal
(2) directions, shown irFig. 3.17. This was done to illustratehe effect of post processing
treatmers of heat treatment and cold rolling the surface topology (roughness) of Scalmalloy
samplescompared to theas built condition and the as received condition of the extruded

aluminium alloys

Fig. 3.17 Depiction ofsurfaceroughnessest

67



3.5 Sampleanalysis

This section details methods used to prepare samples for analysis and describes the different
equipment used in analysing samples. Metallography, optical microscopy (OP), scanning electron
microscopy (SEM), electron backscatter diffraction (EB&¥mployed to analyse mechanical

properties, microstructur&aturesand material characterization of aimples.

3.5.1 Samplepreparation by metallography

Samples were metallographically prepat@dndergomicrohardnestesting fracture and defect
analysis, and microstructural analysisStlers Labotor3 cutter was used to cut samples. These
were then hot mounted usiRglyFastand a Struers LabBress 3 at 13C at 25kN. Each sample

was ground usin§truerssilicon carbide grinding papers with 180, 500, 1200, and 2406 esh

on aBuehler MetaSerwotary grinding machine. Then, manually polished v@thuersdiamond

paste on a 6um ollD-Dac fabric on aStruers LaboPeR polishing machine. Lastly, Struers
TegraPot25 automaticpolisher with a 3um diamond suspensionhdB-ol fabric for 3min and
0.04um colloidal silica suspensionMD-Chemfabric for 1min. Samples were cleaned with
ethanol between each polishing step. For examination of microstructure, cross sectioned mounted
samples were etched using Kellerdés agdhet, a
balances distilled water.

3.5.2 Microstructural characterisation by optical microscopy

OlympusBX51Mwas used to observe the microstructure of the saniptegies were captured

and thenScopePhotsystem was used to record the micrographs. Micrographs were taken at
magnifications of x5, x10, x20, x100 and x106@y. 3.18 shows the correct orientatidor the

planes and axebat will be used in this study especially wherasentingnicrographs.

X (Build direction)
T H/Orizonta]f Rolling Plane (H)

i
: Longitudinal Plane (L)
Transverse Plane (T) 4

Z

Fig. 3.18 Orientation cube showing reference planes and axes

3.5.3 Fracture, defect,and microstructural analysis byscanning electron microscopy

Hitachi SU70 Schottkyield emission scanning electron microscope (SEM) was used in fracture

analysis and defect observation of samp&sM was also used to obtain high magnification
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images of the microstructuricrographs were taken at several magnifications, in a range
between x100 and x5000 depending upon the sample under investigatergy Dispersive
SpectrometefEDS) was used to obsergementabomposition of samples by the incorporation
of the Noran System 7 (NS83¥pecially for the welded samples

3.5.4 Microstructural i crystallographic characterization by electron backscatter

diffraction

Electron Backscatter Diffraction (EBSI¥ a powerful technology often coupled with an SEM
machine tmbtainmicrostructural informationf a materiaby mapping the microstructure of the
surfaceareato obtaincrystallographicand grain informationThe EBSD process shown in
Fig.3.19aconsists of an electron beam probing the surfacesafrgplewithin an SEM machine
Electrons thabackscattered from the sample are collected by a detactbdisplayed on a
monitor to show the electron backscatter diffraction patt®here lhe sample ifilted to an angle
between 60and70°towards the detector tncrease the definition of thgattern. This pattern that

is obtained is called the Kikuchi pattgiilkinson & Britton, 2012) The EBSD mapproduced
through this procesare then used to determine crystal orientation, grain size, grain size
distribution and grain typeCrystal orientations oftendescribedusingMiller indices Thisis a
referenceconvention used to descrillee orientation of a cubic crystalith reference to the
overallmaterialaxes- (x, y, z), which ae alsoknownas directions of the crystal. Some common
directions ard1 0 0), (10 1), and (0 0 X1 where <1 0 0> signing convention can also be ,used
descibed in Fig. 3.19anoting that thecrystal orientatioris worth knowing as it can indicate

whether a materidlas anisotropic tendenci@&/aeselmann, 2012; Wilkinson & Britton, 2012)

EBSD was carried out using thditachi SU70 SchottkySEM and onlyperformedon the
Scalmalloy AB condition and the Scalmalloy cold rolled andheattreated conditions that
possessethe highest tensile properticSamples were prepareacording to section 8.1 but
with a mixture ofStruersPolyfast andCondufastdue to their conductive properties to perform
electropolishing The mountedsamplethicknesswas between15-17mm for higher accuracy
during the EBSD procesStruerselectrolyticmachinewas used for electropolishirfgr 10s at
23V in anelectrolytic solution of 10% perchloric acid add% ethanol solutionLastly, samples
wererinsed with99.8%+ (puregthanol, andmmediately storedh the ethanoluntil EBSD could
be performed ensuring the smallest tiperiod betweenpolishing and performing EBSDo
minimiseoxidation A diagram of the EBSD camera amduntedsample is shown in Fig. Beb,
where the sample is tilted between 60and 70 to observe the Taguchi pattern and begin the
EBSD scanFurthermorethe grain sizeand grain sizelistributioninformation from the EBSD

mapswereanalysed usingmageJsoftware
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Fig. 3.19a) Miller indices directions on a cubic crystal structure adapted ffdfaeselmann, 2012h)

Graphical representationf the EBSD procesadapted froriWilkinson & Britton, 2012)
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Chapter 4 Results anddiscussion ofselectivelasermelting process
parameter study

This section will include powder characterisation, verification of SLM parameters, investigation
of SLM process parametergproducibility,andthe influence of layout positionThesefactors
determinedhe optimum set of SLM process parameters to produce Scalmalloy samples for this
work. It is worth noting thathe results discussed this chapterare also reportedn Celine
Turangi et al. (2020)s this is earlier published research for the work on héang said that,
thefinal conclusive results for th&rchimedes relative density measuremeathieved a higher
accuracy, as the experimengdglparatugor the Archimedes density tesis refinedHence the
publishedresults may differ slightly to the resutesported inthe work on hand.

4.1.Powder characterisation

SEM micrographsshown in Fig. 4.1yere taken of the supplied Scalmalloy powdad show
powder particles had mostly spherical morphology weithaveragaliameterdistribution size
between fm and40um A small number ofrregularshapedlongatedarticleswith lengthwise
dimensionshetween60um and80um were observedlong withsatelliteshavingdiameters as

low as 2 umAt higher magnificationsall particlesdisplayeda roughsurface structure.

The supplied material data sheet, shown in Fig. A.1 in Appendix A, for the Scalmalloy powder
shows a sieve analysis with Owt% particles larger than 63um. As discussed above, a small number
of particles have dimensions larger than 63um with the majoritthede being elongated
suggesting that at least one of their dimensions is smaller than 60um. Hence, they can pass the
sieve analysis, which is one disadvantage of this analysis method. This is why powder particles
were also analysed optically to ensureuaacy in powder characterisation. Fig. 4.2 shows optical
micrographs of powder particle cross sections showing inner porosity in 7.1% of 966 optically
evaluated powder particle cross sections.

Fig. 4.1 SEM micrographs of powder morphology at different magnifications
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Fig. 4.2 Optical Micrographs of Scalmalloy powder particle cross sections

Inner porosity had mostly spherical morpholdiggly due to gas entrapment during solidification
similar to findings inGaly, Guen, et al. (2018¥aly, Guen, et al., 2018nner porosieswere
either muctsmaller than the powder particle cross sedianor as large as their powder particle
size Hencejt is worth noting that the likelihood of a metallographic cross section to cut an inner
pore is lower than to cut a powder particle cross section so the number of patiderspwith

inner poreswas assumed to be slightly higher than 7. Microhardness testing was carried out

on 30 different powder particle cross sections resulting in an average value of (91.4+9.7)
HV0.005 This is in agreement with fidings reported by Palm, Leuschner, Schubert, and
Kieback (2010jhereit was reported that microhardness values ranged from 120 to 175HV.0.005
for a different Scalmalloy compositidhan the one used in this wopgrocessed by melt spinning.
According toPalm et al. (201Q)he lower microhardness readirigghe range of 120HWere
thought to be due tihhe increasing suppression o&@@c.« Zrx) due to increased cooling ratasd
thicker ribbon thicknesseghis is likely the reasadior the lower microhardness the Scalmalloy
powder particles in this work aoling rates for gas atomisation processes are betwéen 10

10’K/s for aluminium alloysexceeding cooling rates experienced in melt spiprocesses

Powder morphologgnust be unifornanda standard siZeetween 2(Amto 100umfor the powder
particles sizeto achieve better flowability of the powde&maller powder particles will have low
flowability as Van der Waals forces would resulagglomeration, whiléarger powder particles

would result in poor build tolerance and resolutigfap et al., 2015) Hence, good SLM
processability of the Scalmalloy powder used in this work is expected as powder particles showed
mostly spherical powder morphology and typical powder particle size distribution suitable for
SLM processes allowing for the formation of hogenous powder layersAdditionally,
suppression and absermeAl;(Sci«Zry) precipitates increase powder processability as these do
not need to be melted during the SLM procass brmation of a supersaturated solid solution is
also more likely to occur However, inner porosity found in powder particles may lead to

increased porosity of the manufactured parts detrimentally affecting mechanical properties.
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4.2 Verification of selectivelasermelting processparameters

The firstfive manufacturd Scalmalloycube sampleareshown in Fig 4.3and wereprocessed
using SLM process parametgiBable 32 given in section Breported byA. B. Spierings,
Dawson, Dumitraschkewitz, et al. (201BY visual inspectionit appears that the swelling on the

top surfaces increases with increasing EVD.

Fig. 4.3 Asbuilt cube samples from first build job showing swelling on top surface with 3mm bottom
support structures. From left to right: 80nn¥, 12Q0/mn¥, 150)/mn¥, 24Q/mn?, 280J/mrienergy

volume density.

Dimensional accuracyf each sample isompared to changing EV{@nergy volume densityh

Fig 4.4 Low influence fromEVD is evidentas d samples were0.1mm to0.2mm larger than

the CAD model Distances between opposing surfaces-tirgctionare slightly larger than in
thex-directionaseach samplevasmarked with a sample number irdirection (to identify each
sample)which may negatively influenc¢he results. Standard VDI3405 Part(8DI, 2014)
suggested a tolerance of Hh for dimensional accuracy which has been slightly exceeded
here.The swelling on the top surfaces and varying dimensional accuracy is thought to be due to
the attraction and melting of adjacent powder particles next to actual laser scan tracks from the
surface tension of the melt pool and melt pool motion with lasergzzedYadroitsev, Gusarov,
Yadroitsava, & Smurov, 2010)
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Fig. 4.4 Asbuilt dimensional accuracy of first build job for all five cube samplesand y directions

with changing energy volume density. CAD model and suggested tolerance of 48 .iheioded

Fig. 4.5 compares the surface quality ebast samples processed withBtn? and 280J/mrh

EVD. The topsurfaces for the samplafiow visible hatch and contour scan directions of the
finally built metal layerVisual inspection detected partially melted powder particles appearing
on the surface of botBamples The 280J/mrh samplesobservedvisible swelling and side
surfaces have open porosityThe apparensurface roughness ahe side surfacesand top
surfacesre likelydue to differing surface tension in the melt pool causing Marangoni convection,
balling and partially melted particles to stick to the surféigesesults reported b8trano, Hao,

Everson, and Evans (2013)

Relative densities of the five cube samples from the first build job were evaluated to determine
the level of innemorosity. Fig. 4.6 shows results of Archimedes and metallographic relative
densities with changingVD. The 120J/mrhand 80J/mrisamples reached relative densities of
more than 99%while other samples reached values betweeftnd98% The differences
between Archimedes and metallographic relative densitége significantly small almosless

than 2%,where thisdiscrepancycan be attributedo a smallersection of the samplbeing
evaluatedin the estimation ofmetallographic densitgompared to the Archimedealensity
method thatinvolves the entire sample in its calculation of relative denditbe standard
deviations of samples with lower EVD were much high'®hen compared to expected fings
shown in Fig 3 (section 31.1.9, the curve has shifted to lower EVDensistent with findings
reported inA. B. Spierings, Schneider, and Eggenberger (2018re Archimedes density

measurements showed lower standard deviation than metallographic densities

Fig 4.7 shows optical micrographs of innner porosity for samples processed with 8@dinm
280J/mni EVD. Hot cracks did not occur for any of the samples, and the three samples with lower

relative densities (190mn?, 24Q)/mn¥, 280J/mm) showed uneven lateral pore distribution and
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a wider range of pore size distribution consistent with higher standard deviations for
metallographic relative densities. Therosity shown in Fig 4.7a for the 80J/rhame randomly
distributed mostly spherical micro pores with diameters smaller than the powder particle size
likely caused by powder derived gas poroéidaly, Le Guen, et al., 2018Fhe larger pore sizes

are likely due to insufficent melting of powder and low flowability due to lower energy input
consistent with the literatur@. Li et al., 2019)While Fig. 4.7b with high EVD of 280J/nfm
features large mettalurgical pores and irregular sized pores with a higher pore size distribution
likely related to high energy input resulting in rapid solidification of the metal without completely
filling all gaps with molten metgKoutny et al., 2018)Hence, the sharp drop in relative densities
(Fig. 4.6) for samples manufactured with 350n®, 24Q)/mn* and 280J/mrhis attributed to the

higher level of inner porosity shown in Fig 4Differences in the measuretlifted SLM process
parameter window compared éxpected finding¢Fig 3.3, from Adriaan B. Spierings et al.
(2016) are explainedby thedifferences between SLM machines, laser focus diameter, lasers,
scanning direction and Scalmalloy powder. Additionally, doubling laser power does not result in
the same relative densities even when EVDs remained conéaainbitsev et al. (2010eported
decreasing scan track width, while increasing scan speed for single scan tracks seemed to incur
gas entrapment porosity as the hatch distance was too high for SLM parts. However, the influence
of scan speed on scan track width with increasirgy lapgwer decreased.
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Fig. 4.5 SEM micrographs of abuilt cube samples showing surface quality: top view (a,b) and side
view (c, d). (a, ¢)80J/min(b, d) 280J/mihsamples. Hatch direction, scan direction contour, rippling
and swelling as indicated
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Fig. 4.7 Optical micrograph showing cube sample cross sections with morphology, lateral and size
distribution of inner porosity for a) 80J/nfrand b) 280J/m#energy volume density

Fig. 4.8 shows the microhardness tesuor the five cube samplesvhere an increase in
microhardness is visible &/D increases. Low microhardness correspmtd the suppression

of precipitatesAls(Sc.xZrx) by rapid solidification Hence, low EVDs result in less heat in the
melt pool andhe high thermal conductivity of Scalmallaolidified layersunderneattcause
higher cooling rates.Fig. 4.8 also compares itrohardness of the cube samples to the
microhardness ofhe initial metalpowder particle cross section®andard deviations for all
average valueare identicahndthe cube samples processed ugigymn? and 280J/mEVD
exhibit similar microhardness readirtgghe powder particleslence, parts produced with a laser
power of 400W and EVDs lower than 120J/frasilt in high suppression of\l3(Sc.«Zry)
particles and high supersaturation of aluminium solid solution leading to optimum conditions for
post heat treatment &calmalloy(B. Zhang et al., 2017Jig. 4.9 shows etched cross sections of
cube sampleprocessedsing 8@/mn¥ and 280J/mrmEVD. These show similar microstructures
as those discussed in the literat{Best et al., 2018; A. B. Spierings, Dawson, Dumitraschkewitz,
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et al., 2018; A. B. Spierings, Dawson, Heeling, et al., 2017; A. B. Spierings, Dawson, Kern, et

al., 2017)wherescan track depth increases with increasing EVD.

In summary, a partial optimal SLM processing window with relative densities exceeding 99%
was found for a laser power of 400W in AM 400 Renishav6LM machine. Findings were
confirmed using Archimedes density method and metallographically prepared cross sections of
samples This partial processing windowlso resulted in dwest microhardnessf samples
comparableto microhardness of powder particles. Further investigations were made in the
following sectionto explore the full SLM parameter window and s maximum in relative

densitiesverefound yet
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Fig. 4.8 Microhardness results of cube samples dependent on energy volume density, where 0 J/mm

refers to powder particle cross sections.
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Fig. 4.9 SEM micrographs of etched microstructures for cube samples produced using a) 8@ddniun
280J/mm

4.3Investigation of selectivelasermelting processparameters

Left to right |

Fig. 4.10 Asbuilt cubes showing surface quality in both the front and top views. Cubes are built on 3mm
high supports. Left to right: IBmn¥, 45)/mn¥, 600/mn¥, 80J/mn¥, 100J/mn.

Identicalexperiments and methsdiere performed, butvith modified EVDs.The second build

job consisted of five cube samples, shown in Fig. 4Tkese samples wemroduced using

300/mn?, 45)/mn¥, 60)/mn¥, 80J/mn? and 100)/mn¥, lower EVDsthan the first build jobBy
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visual inspection, swelling/as less evidercompared to the first build job, bsurface roughness

appears to haviacreased with decreasing EVD.
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Fig. 4.11 Comparison of dimensional accuracy forlasilt cube samples for both build jobs in different
surface directions with changing energy volume density. Tolerance of 0.1mm is indicated here as
suggested by VDI 3405 Part 3 for SLM proc@ésl, 2014)
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Fig. 4.12 Comparison of Archimedes and Metallographic relative densities fbudiscube samples for

both build jobs. 99% relative density desired value is as indicated.

Fig. 4.11 compares the dimensional accuradje x and y directionsof all samples from both
build jobs according to changingVvD. The 80J/mrh sample indicates a high inter
reproducibility, while the 30J/mfsample deviates by >0.1mm in thaliyection, yet in the x

direction it is almost equabtthe exact dimension of 10mm@n the other handhe 100J/mrh
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sample was >0.3mm thane 10mm sample cube in both directionshould also be noted that
cube faces in the y direction were marked with sample numbers, which mayrtematiaecffect

on dimensional accuracy.

Fig.4.12 compares Archimedes and metallographic relative densities of all cube samples for both
build jobsaccording tachanging EVDs. For 48mn¥ to 110J/mni samples, Archimedes relative
densitiesvereequal to or slightly more tha88%, while the 70/mn? to 120J/mni cube samples
showed optimum values for metallographic densi#disstandard deviations for the Archimedes
average values are far lower than metallographic average vahe80J/mmcube samples for

both build jobs are almost identical with relative densilightly higher than99%, further
confirmingits high reproducibility

Fig. 4.13 compares porosity for theJ&@n? and 80J/mricube sample. Each show irregular
shaped pores betwe@Gum to 100pm andmicro porositylikely due to lack of fusiofirom the

low EVD rangeconsistent with finding fronAA. B. Spierings, Dawson, Dumitraschkewitz, et al.
(2018) Fig. 4.14 shows the presence of unmelted powder particles further supporting the
assumption of lack of fusioioutny et al. (2018alsoinvestigated SLMprocessingf a variant

of Scalmalloy with much lower levels of scandiumagnesium,and zirconium than the
Scalmalloycomposition used in this work. Laser powers weetween 328/ to 400W and
yielded samples with less than 98% relative densities. Optimum laser power and EVD was found
to be 375W and 69J/mirespectively, consistent with the work on handhould be nted that,

we didnot model the work on hand after the findings frmutny et al. (2018as it did not use
Scalmalloy, but a variant

Fig. 4.15 compares microhardness results for both build jobs with changing energy volume
density. The 80J/mfcube sample and their standard deviations are identical for both build jobs
confirming high interreproducibility of Scalmalloy and th&M 400 Renishaw SLkhachine. All
microhardness data of build job 2 are consistent with data of build job 1. Although, microhardness
average value for 30J/nfraube sample is decreased slightly and standard deviation is higher

assumed to be causedthg high levels dinner porosityas shown in Fig. 4.13.
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Fig. 4.13 Optical micrographs of cube cross sections showing size morphology, size distribution and

lateral distribution of porosity for a) 30J/nfrand b) 80J/mrhcube samples

Fig. 4.14 SEM micrographs of etched cube cross sections for 3Gkuine sample
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Fig. 4.15Microhardness results for all cube sample cross sections with changing energy volume density.

0J/mni corresponds to powder particle cross sections

In conclusionthefull SLM processing window considering relative densities exceeding 99% for

chosen laser power of 400W, layer thickness of 30um and hatch distdri@um for processing
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Scalmalloy was found to be between/fon? to 110J/mni EVD. Microhardnesf samples
manufactured with these EVDs showed high potential for subsequent post heat treatment and
good mechanical properties for Scalmalloy pe8tav inter-build reproducibility ispresumably

high, based on relative density, dimensiameaturacy and microhardness of two cube samples

built in subsequent build jobs.
4.4 Reproducibility and influence oflayout position

Fig. 4.16shows contouplots of theaverage relative densitiesapped in théuild platform
according to the method outlined in section 3.1.Tt& contour plots for each build j¢B5 cube
samples)compae Archimedesrelative ansties to their position on the build platformith
standard deviationshown in Fig. A.4and Fig. A.5in Appendix A The highestArchimedes
averageelativedensity wa®9.8% and no values are lower tha®%. Standard deviations were
between +0.2, which isconsideed low. The discrepancies average relative densitisgen
between the different positions on the build platfdanSLM areinfluenced by many factors
suchashomogeneity of powder laygrshielding gas flow and laser properties. Howetlss,
average valueare consisterdndoverall standard deviations are ladence it is proven thathe
Scalmalloy samples processed infvl 400 Renishaw SLhachine with optimal processing
parameters(section 4.3)for laser power of 400W exhileitl high intra- and interbuild
reproducibility regarding relative density. These may be indicative of the SLM machine, and

cannot be recommended for a different SLM machine, Scalmalloy powder, or metallic powder.
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99.9
99.7

99.5
195.0

195.0

Average Archimedes Relative
Densities (%)

147.5
147.5

100.0 100.0

Build platform dimensions 575 52.5 Build platform dimensions
(mm; x) 5.0 (mm; y)

99.5-99.7 99.7-99.9 99.9-100.1 ©100.1-100.3 ©100.3-100.5

Fig. 4.16 Contour plotsof the build platform mapping treverage values fohrchimedesgelative
densites
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4.5 Summary

In this chapter, processing parameters were developed to manufacture Scalmalloy samples in a
Renishaw 400 LBM Machingsing 400W lasepower which has not been widely reported as
most of the literature generally reported the use of 200W laser pBaeder characterisation

was carried out and overall results showed that the powder on hand had good processability. Two
build jobs were carried out with adjustments to the energy volume density for the samples, where
Archimedes method was used to measaeh semp| eds r el ative densitie
parameter window that was explored showed a shift to lower energy volume densities when
compared to literature, where the optimal parameter window occurred bef@#em? and
110J/mni. Therefore, Scalmalloy can be manufactured with a high laser power to greatly improve
productivity. Microhardness testing shows that(8&.xZrx) precipitates were suppressed so
subsequent heat treatment has a higher potential of increasing the mechanical properties. In
addition, anisotropy is apparent in the x direction and should be considered when manufacturing
thin-walled and complex components. The influence of the layout position on the build chamber
was also observed but showed no significant impact on the relativéieeosthe samples.
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Chapter 5 Resultsand discussionof the heattreatment andcold rolling
of Scalmalloy

This result section will include tensile and hardness properties, microstructural characterisation,
fracture,and defect analysis for all -dsiilt, heat treated, cold rollednd heat treated and cold
rolled samples of ScalmalloyTensile, hardness, surface roughness and microstructural
characterisation 05052AlI and 5083Alextruded aluminium alloysare also included for
comparisorio Scalmalloy samplesnd to use as a base line for the reported findiftgsoptimal

SLM parameters frorChapter 4will be used to manufacture tHeécalmalloysamples used in this
section It is worth noting that the results of the cold rolled (10%CR, 30%CR) and AB condition
discussed in the following sections are also publish&dTinrangi et al. (2022)s this is an earlier
published papeof the work on handHaving said thatthe publishedesultsof the cold rolled
samples may differ slightly to the results reported in the work on harntietensile testing
procedure was refinesinceslight slippage may have occurred durtegting Hence the final
conclusive results for the cold rolled sampleported in the work on harathieved a higher
accuracy Furthermoreadditional optical and SEM micrographs for each sample condition are

provided for further information in Appendix B and C, respectively.
5.1 Microstructural characterisation

The microstructure for heat treated and cold rolled sanvpdge investigatedhroughoptical
microscopy SEM and EBSDFig. 5.1and Fig. 5.2howoptical and SEM micrographs diie
5052Al as receivedAR) microstructure in the horizontdbngitudinal,and transverse planes
respectivelyln a similar manner, Fig. 5.3 and Fig. 5.4 shows optical and SEM micrographs of
the 5083Al AR microstructure in the horizontal, longitudinal, and transverse planes, respectively.
Fig. 5.1and Fig.5.3 both showisible magnesium silica distributed evenly over the entire surface
with no pores or defects visible typical of the extrusion process. Additiofadjy52 and 5.4

show visible lines indicating the direction of extrusion amdll voids on the surface is indicative

of phase dissolution of AAn common in the 500@luminiumalloy serieqSivaramakrishnan,
1995; Varshney & Kumar, 2021)

Fig. 55 shows optical micrographs of the Skpocessed Scalmalloy AB microstructure in the
horizontal, longitudinal, and transverse planes. All additive manufaatoragonents, including
Scalmalloy, have a unique layey-layer microstructure perpendicular to the build direction
(transverse and longitudinal planed). bi-modal grain size distribution was observed in
Scalmalloy consisting of a coarse columnar grain (CG) and a fine equiaxed grain region (FG).
The conditions within the SLM pbKb)drectonaf uch
heat, and reactions within the mpttol pre and postsolidification are the driving factors behind

the mechanism forstmicrostructure. Particularly for Scalmalloy, the grain structure is mostly

dependent upon different aspects such as formation of precipitates and their behaviour within the
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asbuilt material. The darker shaded areas in Fi§.répresent the FG regions and the lighter
shaded areas represent the CG regions. The grain size and shape can be seen at higher
magnification in Fig. & along with the transition from the CG region into the FG regitme
numerous small are assumed to be Af&aticles formed during the SLM process as reported by
(Davydov et al., 2000)These general features of Scalmalloy are consistent with findings reported

by A. B. Spierings, Dawson, Heeling, et al. (201¥he CG and FG regions of the horizontal

plane are randomly distributed throughout the surface of the cross section.
Mg Silica

Longituinal Plane Horho*tal Plane

Transve*se Plane

Elongated tracks in
direction of extrusion

Fig. 5.1 Optical micrograph othe microstructure oAR 5052Al alloy in the horizontdbngitudinal,and

transverse planes
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Fig. 5.2 SEM micrographs of theaicrostructureof AR 5052Al in the horizontal, longitudinal, and

transverse planes

Fig. 5.3 Optical micrograph othe microstructure oAR 5083Al alloy in the horizontal, longitudinal, and

transverse planes

87








































































































































































































































































































































































































































































