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Abstract

Ti-6Al-4V is atitanium alphabeta U +)flloy usedin the aerospace industry. The CSIR
National Laser Centreencountered problemsuiiding large Ti6AI-4V parts by additive
manufacturingusing theAeroswift™ machine Th e  a ¢ igmicrdstaucturelbf F6AI-4V
hadlow fradure toughness anductility, resuling in the part beinginable to withstand the

residual stresses, and delamingtduring processing

To solve his problemjn situ alloying of Ti-6Al-4V with aductile betaf§) stabilzer, 10 wt%
Mo, was investigatedince theb phaseis more ductileSamples werenanufactured onhe
powder bed fusion (PBF) and directed energy deposib@D) platforms. A commercialb-
Ti alloy (Ti-3Al-8V-6Cr-4Zr-4Mo) was also investigatefdr comparison

The Ti-6Al-4V, Ti-6Al-4V+10 wt% Mo and b-Ti alloy sampleswere manufacturedn a
selective laser melting (SLM) achine (PBF process), aid@-6Al-4V+10 wt% Mo samples
were madeon aLENS™ machin¢DED process). The samples wesgbsequentlgxamined
by optical, scanning electron microscof8EM) with electron diffraction Xray spectroscopy
(EDX) and electron backscatter diffraction (EBSR)ray diffraction (XRD) and were tested

for hardness

Increasd energy densitychanged the shape of poresand decrease the porosity. The
microstructure of PBfprodued T+6AI-4V+10 wt% Mo was inhomogenequsith unmelted
Mo particlesandinconsistent hardnesslues depending oMo content A PBF samplewas
tesed for micro-galvanic corrosionand themore Mo particleswere attackedThus no
furthertesting was condtted on this alloyThe overall alloy hardness (302 Yy was lower
thanfor Ti-6Al-4V (360 H\b 3), indicating that Mo had a softery effect Whenproduced by
DED, Ti-6Al-4V+10 wt% Mo wasmore homogeneoyswith very little unmelted Mo and
hardness wakigher (397 HV,.3) thanfor the PBF sample (302 HY). The commercialb-Ti
alloyhadaf ul |I'y b miwih a®@9tH¥,ghardnesswhich was lower than that of
Ti-6Al-4V (360 H\p3). The ultimate tensile strength of-BAI-4V (1130 MPa)was higher
than for he commercialb-Ti alloy (863 MPa).The elongation of theommercialb-Ti alloy
(30%) wasnuchhigher thanTi-6Al-4V (9%).
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Chapter 1. Introduction

1.1 Background

Since their invention in the 1960s, lasers have been a technology surrounded by interest and
havereceived extensive research. As more and more usesthgeoveredtheir potential to

pioneer the manufacturing industry in the future also increased. A future where there is less

waste and material loss and higher production efficiency with infinite geometries and shapes

IS now possible.

Lasers coupled withitanium with its impressive mechanical properties are of interest in
research due to their potential to improve the manufacturing indi$teylaser processing of
titanium and its alloyswill ensure that parts witlgood mechanical properties are built
efficiently, at lower production times, saving money as opposed to current practices using
conventional method$.aserbased additive manufacturing is a process where a laser is used
to manufacture a part layer by layer using a CAD model (Kumar and Rit®amh0). The

current research is focused on the growing interest to produce parts for the aerospace industry
using lasetbased processes such as powder bed fusid?BF (Herderick, 2011). In January

2016, the largest commercially available machine hadild bavelope of 800 x 400 x 500

mm?, compared to the previously available build envelope of 250 x 250 x 25Q@uncept

Laser, 2016; EOS, 2016). Due to this improvement, larger parts can be manufactured, making
this process more suitable to a wider ranf@pplications. Some processing disadvantages
arising from lasebased additive manufacturing aneisotropyporosity, poor surfacguality,
internalresidual stresses and a lower ductility than achieved by conventional methods such as
casting (Thijsetal., 2010).

In order for lasebased additive manufacturing to replace conventional manufacturing
techniques, it must produce matching or superior mechanical properties. Figure 1.1 (Vrancken
et al, 2012) compares the strestsain curves of wrought anelsctive laser melted (SLM)
titanium alloyTi-6Al-4V. The SLM process produces parts with higher strength, but inferior
ductility and fracture toughness (the area under the cuntagurel1.1). This implies the part

is unable to resist the high residsélesses during processing, causing it to crackwarg.
Consequently, this makes unmodified-6Al-4V an unsuitable alloy for high power PBF
processing This projectconcentraté on the poor ductility (<10% elongation) and low



fracture toughnessf Ti-6Al-4V resulting from formation of the acicular-fich martensitioly
microstructure and internal residual stresses which led to cracking and delamihdtiese
parts.Beta titanium alloys are known for their high ductility and fractotgghnessompare

toU+ b aThls warksinvestigated increasing the fracture toughness and ductility in two
ways. Firstly by modifying Ti-6Al-4V by alloying it with a beta( b ) stabilizin
molybdenumt o ma k e -Tiallof in &itl, which is expected to arease ductility and

other mechanical properties, such as fatigue resistance and fracture toughness by stabilizing
t he b pha skeal, 20¥4). Benoadtybyninvestigating he use of -H ¢ omr
alloy (Ti-3AI-8V-6Cr-4Zr-4Mo), which has a highductility (13% elongation) (Matweb,
2017) .-Tidllbyiwas ctinsen because & ductility value and its availability at the start

of this project. To cover the full implications of alloyiimy situ, the T+6Al-4V+10 wt% Mo

alloy was als@rocessed bgirected energy deposition (DED) in order to compare the effect

on the microstructure and mechanipedperties.
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Figurel.1: Stressstrain curves for SLM produced-6Al-4V and wrought T6Al-4V
(Vranckenetal., 2012).



1.2 Gaps in existing body of knowledge and significance of the current

research

Fischeret al (2016) reognised the scarcity of obtainirgpmmercial titanium alloysn
powder form These alloysareavailable as pralloyed material whiclhas to be gaatomised

to obtain powder. Elemental powder is more readily available; therefahese alloys could

be manufactureth sity, it would be beneficialespecially in thelevelopment of new alloys. It
was therebre worthwhile to investigate lvetherin situ alloying would bea viablealloying
option forPBF processing, which is a fairly new process that needs a nntable material
(more ductileXhan Tt6AI-4V for larger parts. Fischat al (2016) also concluded thiat situ
alloying male it possible to adjust the compositions of alloys and this could potentially be
used to manufacture alloys which are not commercially available as powders. Vraheken
(2014) investigated adding 10 wt% Mo To-6Al-4V using PBF processingnding that 10

wt% was sufficient to fully stabilize the-Ti phase and therefore imwp®fracture toughness
and ductility.At the time ofinitiating the projectno work hadbeen done on adding 10 wt%
molybdenum o) to Ti-6Al-4V for high power, high speed PBF processing to achieve the

same improvement in profies therefore this was covered in the curnermject.

At the time of writing work doneon lasefbased additive anufacturing had not reportéade
use of a high power lasef 5 kW (Vranckenet al, 2014; Xuet al, 2015). The higher power,
aided by catrolling parameters such as hatgaaing and laser spot size, wouwtlow for
higher power densitieKannateyAsibu, 2009) A high power density wouldnake higher
proessing speedachievable This projectadded to the currat knowledge base in additive
manufacturing, by attempting to create large parts faster and more efficientlgupiehior
properties tharconventional methods achieved using low power lageesoswift™ has a
build envelope of 2000 x 600 x 600 Mmrandplansto build parts thisarge so this size is the
t ar g darge padexr A

Work has been done by Vranckenal (2014)on Ti-6Al-4V alloyedin situwith Mo by PBF
processingand Collinset al (20@) worked on commerciallypure titaniumalloyedin situ
with Mo by DED processingHowever,work was done for the first time in this project on Ti
6Al-4V alloyed in situ with Mo by DED processingThe DED process is naised for

building large partat higher speedserefore it was only used for comparativegoses.



1.3 Problem statement

Laserbased additive manufacturing is a growing industry. TR8AI+4V alloy is one of the
preferred alloys used in the aerospace industry (superior mechanical properties), hence the
focus on this material for this research.eTderospace industry interestedo manufacture

parts using a PBF process. This process deposits powder by coatihg & base plate using

a scrger, prior to melting the powder with a lasg¢umar and Pityana2010) However, the

major problem is thtadue to the acicuta arbicrostructure which causes poor ductility, the
parts tend to crack. PBF processes are preferred, because of their rapid production times,
dimensional accuracy, improvestrengthcompared to conventional methods and reduced
material wastagéXu et al, 2015) Figure 1.2 shows a part that was produced using a PBF
process. As the part could not withstand the internal stresses, it delaminated from the base and
deformed to such an extent that manufactutiag to be stopped. Increasing the ductility and
fracture toughness of tmeetalwould decrease the probability of cracking during processing,
and would make PBF more competitive than parts produced by conventional methods in
terms of mechanical propertie$he main aim of this work is to investigate whath
modifying Ti-6Al-4V in situt o  ma-Kialloyawasbmore beneficial than finding a suitable

c o mme r-Ti allaylwhidh already hda high ductility and fracture toughness.

Figurel.2: Delamination andracking of Ti6Al-4V part produced bg PBF proces¢Produced at the
CSIRNLC, 2015)



This research aigdto answer the following questions:

1 Would the addition of 10 wt% Mo to TAI-4 V f ul | y sTi phbse Whea e
high power and high speeds ased?

1 Wouldthe microstructure of T6AI-4V alloyedin situwith 10 wt% Mobe suitable for
the aerospace industry?

1 Wouldthe PBFprocess or DED process produceomogeneous microstructure of Ti
6Al-4V+10 wt% Moalloyedin situ?

1 How wouldthe microstructwes formed in these two processes (PBF and DED) affect
the micreVickers hardness?

1 How would the microstructure and mechanical properties 66Al-4V compare to
those obtained from a more ductile commeriidi alloy (Ti-3AI-8V-6Cr-4Zr-4Mo)?

1 Would the b-Ti alloy (Ti-3Al-8V-6Cr-4Zr-4Mo) have the potential to be used instead

of Ti-6Al-4V in the manufacturing of large parts?

1.4 Research objectives

The resech objectives were:

1. To identify processing parameters thaould givegood build qualities for the TBAI-
4V and Ti+6Al-4V+10 wt% Mo alloy.

2. To produce samples of -BAI-4V+10 wt% Mo alloy using the PBF and DED
processes.

3. To characterizand compar¢he microstructure and Vickers hardness of the samples
producel and deduce which process is the most suitablm feitu alloying.

4. To produce samples using a commerbidl alloy (Ti-3AI-8V-6Cr-4Zr-4Mo).

5. To characterisand compar¢he microstructurand mechanical propertie$ the b-Ti
alloy, Ti-6Al-4V and T+6Al-4V+10 wt% Mosamples.

1.5 Delineation and Limitations

This projectonly investigatd the asbuilt condition ofthe samples and thenly mechanical
properties considered wergardness,ultimate tensile strength 0.2% vyield strengthand
fracture toughness. For -6AI-4V+10 wt% Mo produced by PBF and DED processing, the

t

I,



only mechanical property considered whge hadness. The comencial b-Ti alloy wasnot
produced at high powers and high spebdsrather at parameters that hadeady been used
at the CSIR for the manufacturing of@AI-4V parts as a starting point.



Chapter 2. Literature review

2.1 Laser Technology

Since their invention over 50 yeaago, the laser has found application in many different
industries Bretenakeret al, 1966; Minerva, 2017 The construction industry uses lasers for
surveying and building, for example defining a straight line on a horizontal plane in the
constructiorof new homes and other buildings. In astronomy, the laser is used for monitoring
geological motions on the earth by utilising the Lageos satellite, which sits in a stationary
orbit over the earth. The retail industry uses the holographic method to readdesr on

labels on clothing and food sold. Also, the aerospace industry uses the laser gyroscope to

detect stability and rotational motion of planes and rockets.

2.1.1 Types of high power lasers

Over the years, the laser has developed and different typeseo§ lasve emerged. High
power lasers such as g@sers, solid state lasers and diode lasers are of particular interest in
manufacturingdBuchfink, 2007)

2.1.1.1 CQagas lasers

The first CQ gas laser appeared in the United Statekeril970s. These lasers are based on a
gas mixture, which is stimulated electrically. The laser beam quality determines the laser spot
size and focus point. A wavelength of 10.6 um, relatively high efficiency and a very good
beam quality has made the glaser the most widely used laser type for material processing
(Buchfink, 2007)

2.1.1.2 Solid state lasers

Instead of a gas, solid state lasers have a solid material as the active medium and were used on
a fairly large scale for indusait productions in the early 197QBuchfink, 2007) In general,

there are two classes of solid state lasers: continuous wave type which delivers a continuous
output, and pulsed wave type which delgrarpulsed output achievda)y pulsing the input

energy.

Some solid state lasers use fibre optics which have the advantage of transportability without
any quality or power lossé€Buchfink, 2007) Solid state lasers include Nd:Yag lasers which

have an gtrium-aluminium garnet as a gain medium and 1% neodymium ions as the dopant.



The Yb:Yag disc laser is doped with ytterbium and produces a better beam quality compared
to the Nd:Yag lasefBuchfink, 2007) Also doped with ytteilom are Yb:Glass fibre lasers,
which have a better plug efficiency (ratio: output laser power to consumed electrical power)

of >30%, while the previously mentioned lasers have only managed 10% at best.

2.1.1.3 Diode Lasers

Diode lasers use aIp semiconductor jution as a gain medium and even though the wall

plug efficiency is greater than 40%, they are relatively strong and compact, but have a very
poor beam quality. Despite this, and being used as pump sources for solid state lasers, they
find application in sllering and hardening metals and welding of plastics where a very small

spot size is not requird@uchfink, 2007)

2.2 Laser-based additive manufacturing

Today, lasers are known to be the solution to many problems in the manotaatdustry

where they are used for drilling, cutting, cladding, welding, hardening and in additive
manufacturing. The first process successfully carried out in laser manufacturing was laser
drilling (Buchfink, 2007)

Initially, additive manufacturing was only used for the manufacturing of plastics, but it now
accommodates the manufacturing of metals, which is far more relevant to the bulk of the
manufacturing industryKruth et al, 1998) The advantages of additive manufaitgr
include: saving time as the design can be easily changed on the CAD model, and complex
geometries can be manufactured which would otherwise not be possible with conventional
methodgqFrazier, 2014)

Important processes in additive manufacturing arectkd energy deposition (DED) and
powder bed fusion (PBF) processes. These processes use the laser to melt metal powder,
producing different layers joined together to form a component which was virtiesigned

in CAD and cut into 2D layers using a STilein DED and in PBF (Kumar and Pityana,
2010).

2.2.1 Powder bed fusion process
The powder bed fusion (PBF) process is illustrated in Figure 2.1 (Kumar and Pityana, 2010),
where the metal powder spread onta metal surface, the laser scans and melts the fir

layer. When it is done, the build piston moves down while the podidpensepiston moves



up to enable the roller to deposit powder over the first layer which has been built by
deposition and melting (Kumar and Pityana, 2010). When the powder isdnogite the
previous layer, the surface of the previous layer is partialipetted, producing columnar

grains which are typical in parts produced using this method (V@tasat, 2011). Eastort

al. (2016) recognised that also contributing to the colamstructure is the suppression of
nucleation which can occur when the magnitude of supercooling is reduced where high
temperature gradients and high cooling rates exist. These columnar grains are responsible for
the anisotropy in mechanical propertiesd are preferential regions for crack propagation
(Simonelli et al, 2012, Eastonet al, 2016). This process continues until the part is
completed. The excess powder can based as this process has minimal wastage, especially

when compared to convential methods.
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Figure2.1: Schematic diagram of the PBF process (Kumar and Pityana, 2010).

The Aeroswift™ machine at the Council for Scientific and Industrial Research (CSIR) is one
of the biggest PBF maatnes in the world. The machine was built at the CRHional Laser
Centre at the CSIR in collaboration with Aerosud. The project started in 2011 and to date the
machine has produced parts (throttle lever, a condition lever grip and a fuel tank pylon
bracke) which have passed quality standards. It utilizes a combination of high power (up to
5kW) and high speed (up to 10 times faster than other commercially available machines) with
a build envelope of 2000x600x600 rhim



The solidification mechanism of powdbed fusion processes is similar to laser welding.

High laser beam scanning speeds lead to short interaction times between the powder bed and
the heat source. This results in fast heating and melting, causing shrinkage and circulation of
molten metal, dueotthe temperature gradients and surface tension gradients @raih

2010).

Kruth et al (2010 showed thathe size and shape of the melt pool, kedégcted zone,
transformation reactions and cooling rate determined by the resulting heat transded
molten flow (Figure 2.2). The grain growth and microstructure are influenced by the melt

pool geometry.

Laser beam

Melt pool
Previously
fabricated layers

o _u.

o

Heat affected zone

MNP PO w0
e e

Loose powder
Building on loose Building on rigid
powder substrate

Figure2.2: Schematic diagram showing different zones arising from processing @rath201Q.

2.2.2 Directed energy deposition

The DED process uses the same building blocks as laser cladding, and it can be used on a
diverse range of materials. This is a blown powder method where a STL file of the part is
used to develop a motion control program. Tgrisgram is used to control the movement of

the laser focal spot to outline all areas of the part on a substrate, layer by layerdZzhbng
2007).Metal powder particleare njected into the laser focal zoaed are meltedthen re

solidified onto thepreviouslydeposited fullysolidified metal partwhich is trailing the

moving molten pool created by the lassam this is shown inFigure 2.3 Zhanget al,

2007). After each layer, the powder nozzle and the focusing lens assembly move in the
positiveZ-directionperpendicular to the X plane Consequently, successive layers are built

to produce the entire volume of the fused metal according to the CAD model.
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Advantages of this procease thabuilding can be done on 3D surfaces and on existing. parts

This method is recommended for manufacturing of large parts and for refurbishments.

The PBF and DEDprocesses are both considered for use in the aerospace industry with the
DED process also finding wide usage in the making of implants in the medicairynduse

main difference, besides the powder delivery method, is that higher powers and speeds can be
achieved in the PBF process than in the DED process thus far. This then gives different

microstructures and mechanical properties as different procgemiageters are used.

LASER
MIRROR OR A
OTHER BEAM

GUIDING MEANS

LENS 7
CARRIER
GAS
SHROUD \_
GAS INLET " POWDER MATERIAL
IZ /——— COMPONENT SUPPLY
A —— SUBSTRATE
POWDER j b/ RN
DELIVERY s B

NOZZLE

Figure2.3: DED process (Zhanet al, 2007).

2.2.3 Energy density

For both the PBF and the DED process, the energy density is an essential variable in
determining the build quality and dgty of components (Attaet al, 2014). The energy
density(E) is defined by Equation 2.1 as the amount of energy supplied by the laser beam to a
volumetric unit of powder material (Attat al, 2014).

O Y Equation 2.1

whereP is the laser poweir( W), vis the laser scanning speed (mmits} the hatch distance
(mm) (the distance between two centres of overlapping tracks) isnthe hyer thickness

(mm).
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The amount of energy supplied also influences the size and shape of the pores in the samples
(Hao et al, 2009). Excessively high energy densitgdeto spherical pores with diameters
less than 5@m, while insufficient energy denmt leads to elongated, craekke pores

growing perpendicular to the build directidtasperovichet al, 2016).

Chlebuset al (2015) worked on alloying rhenium with titanium by PBF processes and found
that increasing the energy density led to bettesadiigion of rhenium in titanium. Ficshet

al. (2016) also found this to be true whalhoying niobium in situ with titanium by PBF
processing.

2.3 Titanium and the titanium alloy Ti -6Al-4V

Titanium was first commercially produced in the 1950s, even thdughs recognized as an
element over 200 years ago (Jaffee and Promisel, 1968; RMI, 2015). It was used for high
performance aircraft components in the air
beneficial properties of light weight, high strengtidatructural efficiency. Today, the supply

of feedstock ore for producing titanium is almost infinite, as it is the ninth most abundant
el ement in the earthds <crust and the four
Interior, 1953).

Titanium on is own has good properties, but when alloyed with other elements, a material
suitable to almost any industry, especially the aerospace, chemical, industrial and energy
industries, can be developed. These alloys have attractive mechanical properties, lsigth a
strengthto-density ratio, low density, excellent corrosion resistance and exceptional elevated
temperature properties (Jaffee and Promisel, 1968; RMI, 2015). T6&l-AV alloy is one of

the most widely used titanium alloys, especially in thegmace industry, and was one of the

first titanium alloys to be made when it was developed in the 1950s in the United States at the
lllinois Institute of Technology (Jaffee and Promisel, 1968; Leyens and Peters, 2003). The
success of this alloy is due teetgood balance of mechanical properties and because it is the

most extensively developed and investigated Ti alloy.

Pure titanium can exist in more than one crystallographic form, making it an allotropic
element. At room temperature, it has a hexagométiyepackedU-Ti crystal structure (alpha
phase) and at 883°C it transforms to a boegtred cubi®-Ti crystal structure (beta phase)
(Molchanova, 1965; Donachie, 1988).
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Figure 2.4 (Molchanova, 1965) demonstrates the influence of alloying elemehis anydtal

structure and the classification of titanium alloys. Adding elements such as aluminium and
oxygen (alpha stabilising elements) i ncr ece
temperature, while adding b playttaabdolubility withg e |
beta titani um) such as vanadium and mol y I
i ncreasing the b plb6a;deyens ane Petkrs,(2008)] Beth astabitising |,
elements (Figure 2.4C) have a much higher solubilityihtani um compared to

elements (Figure 2.4D), such as iron and silicon.

2.4 Microstructure of Ti -6Al-4V parts produced via the PBF processes

As il lustrated i n Figure 2.5 (Donachi e,

microstructure consit s of omMWhenbcgoaimg takes place t

and b coexist, U starts to nucleate along
U. Leyens and Peters (2003) descri bedhet he
Widmanstatten structure. &t i t ani umdéds unit <cell has si x ¢

packed directions that give a maxi mum of 1
limited 12 possible orientations result in several repetitions ofotientationto form U

| amel |l ar packets. The radial spread of U | :
pl anes of the b phas\lan¢ RHY Withsuffiaientdcookhg tate,r s ,
the lamellae will nucleate on the growth ftaf individual lamellae packets, in addition to

nucleating on the grain boundaries.

ﬁbc:.
p
@ hax
o
 ——
Ti Ti Ti Ti
neutral a-slabilizing [-stabilizing
p-izomorphous p-autectold
{(Sn.Zr) (ALONC) {Mo,V,Ta,Nb} {Fe.Mn.Cr,Co,Ni,Cu,Si,H)

Figure2.4: Influence of alloying elements on Ti allphase diagrasMolchanova, 1965;
LeyensandPeters2003).
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Figure 2.5: Microstructure evolution on coolingn Ti-6Al-4V from above the beta transus
temperatur¢Donachie, 1988).

In laser powdebed fusion processes, where very high cooling rates exist, a difesso
process takes place. This tr angliexagomescrybtalt o n
struct uargeor t o r Wombi ¢ c r y @ traasformagidnr isi detveloped ) .
athermally or by astresss si st ed tr ansf ormasea&dniordyrbe formddiby e t
guenching from temperatures below ~900°C (Leyens and Peters, 2003; Gataho2004).
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Typical microstructural characteristics of lad@sed additive manufactured metals include

columnar grains, layered bands and martengfe €t al, 2016;Vranckenet al, 2014).

Components produced via the PBF process have a few problems. There are process related
problems such as residual stresses. As a result of the microstructure, mechanical properties
such as ductility and fracture touglss are compromised compared to those found in

components produced via conventional methods (Figure 1.1).

2.4.1 Residual stresses
Residual stress is defined as the excess stress in mechanical parts in the absence of external
stresses. Residual stress is a comerge of the metallurgical and mechanical history of each

location in the part and the whole part during the manufacturing process.

Most manufacturing processedimceresidual stresses which influence mechanical properties
such as fatigue resistance énd act ur e toughness and al so af
Therefore, understanding the role of residual stresses in mechanical parts is imperative,
especially because the failure of a component is not only due to external loads. Residual
stresses intiuced into a component via the manufacturing process can have a positive effect,
like increasing the fatigue limit when surface compressive stress is involved and it can have a
negative effect like decreasing the stress corrosion behaviour of a compdmentemsile

residual stress is involved (Tottehal, 2002).

There are a numberf factors that can generally induce macroscopic residual stress (€btten
al., 2002):

Heterogeneous plastic flow as a result of external treatment, e.g. shot peening,

1

1 Hetaogeneous plastic deformation during variable heating or cooling, e.g. quenching,

1 Heterogeneity of a chemical or crystallographic order, e.g. case hardening,

1 Structural deformation from metalworking, e.g. heat treatment, surface treatments e.g.
chrome pléing, and

7 Differences in coefficients of thermal expansion and differences in deformability of

the different components of composites.
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Table2.1: Origins of residual stress resulting from various manufaa processes (Tottest al., 2002)

Process

Mechanical

Thermal

Struclural

Casting

Shot peening, hammer peening, roller burnishing, laser
shock treatment, bending, rolling, chasing, forging,
straightening, extrusion

Grinding, turning, milling, drilling, boring

Quenching without a phase transformation

Surface quenching with a phase change (induction, EB,
laser, plasma, classical methods)

Casc hardening, nitriding

Welding

Brazing
Electroplating

Thermal spraying (plasma, laser, HVOF)

PVD, CVD
Composite

No

Heterogeneous plastic deformation
between the core and surface of the
part

Plastic deformation due to the removal
of chips

No

No

No

Shrinkage
Mechanical incompatibility
Mechanical incompatibility

Mechanical incompatibility,
microcracking

Mechanical incompatibility

Mechanical incompatibility

EB, electron beam; HVOF, lligll-\rclucity oxygen fuel: HAZ, heat-affected zone

Temperature gradient during cooling
No

Temperature gradient due to heating
during machining

Temperature gradient

Temperature gradient

Thermal incompatibility

Temperature gradient
Thermal incompatibility
Mechanical incompatibility

Thermal incompatibility, temperature
gradient

Mechanical incompatibility

Mechanical incompatibility

Phase transformation
Depends on the material

Phase transformation during machining if
the temperature is sufficiently high

No

Change of volume due to a phase change

New chemical component with volume
modification

Microstructural change (HAZ)

New phase at interface

Composition of plating depending on bath
used

Change of phase in plating

Change of phase
No
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The additive manufacturing process is similar to the welding process. Table 2.1 élatten

2002) highlights that residual stress originates from mechanical effects, e.g. shrinkage,
thermal effects such as tieal gradients and from structural changes such as the change in
microstructure in the heat affected zone. In terms of powder bed fusion processes, the short
interaction times and highly localized heat input induce large thermal gradients during
processingThese generate a builgh of thermal stresses which lead to deformation of parts,
delamination and cracking during manufacturing and in additibien removing the sample

from the base plate, distortion and cracking may occur. The development-efuibiorium

phases and the segregation phenomena results from the rapid solidificatimou£tial.,

2015). The residual stress works over larger dimensions when building larger parts, making

these parts more prone to this type of failure.

Vranckenet al. (2013) discussed the correlation between material properties and stress. They
stated that the development of large thermal gradients is more common in materials with low
thermal diffusivity. Due to their high heat capacities and their low thermal condycthese
materials retain heat, instead of conducting it away (Vranekeal., 2013), subsequently

giving the large thermal gradients in the part and hence large residual stresses.

2.4.2 Mechanical properties

Although there are desirable mechanical propesiésing from the aciculat) aartensitic
microstructure, such as high hardness and strength, there are problems which arise, such as
the fact that martensite favours intergranular cracking, resulting in brittle failure. The acicular
Comicrostructure is strongly textured, resudfiim significant anisotropic behaviour, causing a

large inconsistency in the mechanical response under external loading along various sample
orientations (Xuwet al, 2015). Other mechanical properties associated with this microstructure

are low fracture toghness and ductility.

Ductility is defined as a met a(Dankrogerbtiall i t vy
1988. Parts produced by lasbased additive manufacturing are usually characterized by
high yield stress, high ultimate tensile strérsgand relatively low ductiytof less than 10%
(Vranckenet al, 2012). For the additive manufacturing of parts for the aerospace industry,
the lack of ductility is a problem, especially for large parts, since they are more prone to

cracking.

Fracture taghness is another important property which is generally low in additively

manufactured parts. Fracture toughness is a measure of the ability of a material to resist crack
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propagation(Bolton, 2000) Due to the high internal relsses which exist during laser
processing, there is a high probability of cracks forming. Although cracks also form in smaller
parts under the same conditions used in the manufacturing of larger parts, they tend to
propagate to failure in large parts. Befs such as cracks, voids, weld defects and
metallurgical inclusions are known to be stress raisers, and can act as crack initiation sites
(Bolton, 2000) Due to this, the processing parameters must be closely controllethatich
minimal defects form, because they adversely affect ductility and fracture toughness. The
high stresses present in parts during processing are dependent on the absolute size of the part.
Figure 2.6 (NDT, 2016) illustrates that the stress state wettiet defect changes with the
thickness of a part (B) until a critical dimension is reached. The fracture toughness decreases

with increasing part thickness, leading to the lower fracture toughness in larger components.
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Figure2.6: Relationship between fracture toughness and thickness of specimen, where blue colour is
plane stress and red is plane st(hBT, 2016)

2.5 Fundamentals of in situ alloying

In situ alloying occurs when tte alloying process takes place duritlge processing/
manufacturing stage in additive manufacturing (Dongdong, 2015). With regards to directed
energy deposition (DED), this is more practical and the process gives better control compared
to powder bed fusio processes. Other advantagesnasitu alloying using the DED process

include cost savings associated with eliminating the production steps for makialippesl
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powders, manufacturing of compositionally graded materials and utilization of less laser

erergy due to the availability of reaction generated heat (Dongdong, 2015).

2.5.1 In situ alloying via blown powder methods

In situ alloying via DED process is achieved by feeding elemental powders from two powder
feeders; these powders are then fed to a singéewhich is connected to the feeding nozzles

where they are melted by the laser onto the substrate, as depicted in Figure 2.7 (Study blue,

2017).

The homogeneity oin situ alloying of intermetallic compounds is established by the rapid
exothermic reactions which are involved during formation of intermetallics (Study Blue,
2017).As a result of two powder feeders being used, the miaaste and phases formed

can be controlled with the build direction by regulating the ratios at which the different
powders are fed. The laser engineered net shaping (LENS) system is a blown powder method
which can be used fan situ alloying. Collinset al. (20) used LENS to manufacture
compositionally graded TV and TiMo alloys. The TiMo alloy (Figure2.8) at low Mo
conent (<1 at. %) vyielded a microstructure
ume fraction of b etal 2003Aleneidaet alh203.oundar vy

v ol

p.:
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Figure2.7: Directed energy deposition schematic (StudyebR017).
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AstheMo composition increased, there was a
conversely an increase in the volume fract
longer and wider dths seemed to split into shorter precipitates. At 9.9 at.% Mo, the
mi crostructure {Tar gvltyh cao nssmasltledv oolfunbe fr ac
precipitates. In terms of hardness, as the Mo content increased, there was an initial increase
until a peak value (10 at.% Mo) was reached and then the hardness showed a decreasing

trend Collins et al (2003) reported no unmelted particles.

2.5.2 In situ alloying via powder bed fusion processes
For powder bed fusion processes,-priging (blending) ompre-alloying (milling) needs to be

done before processing.

2.5.2.1 Powder mixing

In order to ensure proper blending, the two powders to be mixed should have different shapes
and particle sizespdhat the smaller powder sits in the spaces between the lar¢jelesaas

shown inFigure 2.9 (Vranckeet al, 2014). Vranckert al. (2014) used Mo powder which

was small and irregular compared to the6MN-4V powder. Similarly, Fischeet al (2016)

used a smaller size of niobium powder while mixing it with6Ai-4V powder. They also

noted that the differences in melting temperatures of the two materials (Nb hawviagha

higher melting temperature) would ensure better diffusion of MbTin

Powder mixing is often used in powder bed fusion processes fitu alloying, although
there are a few areas of concern such as homogeneity and repeatability (Ehbdh2015;
Fischeret al, 2016; Kinneaset al, 2016). The smaller particles may segregate to one area,

affecting the degree of homogeneity of the migtu
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Figure2.9: SEM BSE image of blended powder (Vrancletml, 2014).

2.5.2.2 Microstructure of material alloyed in situ via PBF

The microstructure ofnaterialalloyedin situ via powder bed fusion process@sgure 2.10)

is different from that obtained in DED processes (Figure du8)tothe faster speeds used in
PBF.WhenVranckenet al. (2014) added 10 % Mo to-BAI-4V, the resultant microstructure
consisted of a b titani articlesnffigure 2.20Aeindaredts c at t
Ti-6Al-4V, they found an increase in fracture strain fromt@.30.1% and fracture toughness,
accompanied by a reduction in ultimate tensile stress from 1267 tdPap

. (S
x >

</

.}.Building direction @ I—I 200 Hum

Figure2.10: SEM (BSE) images of composite microstructures where A is that@Al-4V and 10%
Mo (Vranckenetal., 2014) and B is that of Ti and 26% Nb (Fiskeal, 2016).
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Fischeret al (2016) added 2@t % niobium to titanium for biomedical ppcations such as

joint replacements. They reported a relatively homogeneous microstructure with unmelted Nb
particles making up less than 1% of the total Nb mass in the alloy (Figure 2.10B). This was
only possible when a laser energy density of more #0Jd/mni was used. There was also
micro-segregation at the melt pool boundariBsis chemical heterogeneity was attributed to
the remeltingresolidification of the previously deposited layer, although it had no effect on

the overall grain structure.

Chlebuset al (2015) added different quantities of rhenium to titanium for selective laser
melting, with the objective of raising the hardness and strength, as well as the recrystallization
temperature of titanium. Rhenium, likenolybdenum and other refracty metals or
compoundsreadily dissolves in molten titanium (Chlebesal, 2015). In the superheated
state, liquid titanium is especially chemically reactive. They found that even the lowest
accepted scanning speed of 24mm/s was not sufficient for etangiissolution of rhenium
particles in molten titanium. Consequently,-1® vol.% ofthe rhenium particles were left
undissolved. The general microstructure was lath type or acityplamartensite. Conversely

to the addition of Mo and Nb, the additioh®e reduced the ductility of IRe components
(Chlebuset al., 2015).

To improve the relatively poor wear resistance and low hardnessbafs€éd alloys, ceramic
reinforcements such as titanium boride can be added (@t 2014).They pre-alloyed Ti
and TiB, by using a ball mill for PBF processing.

2.6 Galvanic corrosion

Many benefits have been identified from alloying of6HRil-4V in situ with Mo, such as
improvement in mechanical properties like ductility and fracture toughness. The resultant
(composie like) asbuilt microstructure (Figure. 2.10A) gave rise to concerns around the
micro-galvanic corrosion resistance of such a microstructure. This topic has not been reported
by other researchers in the field, including Vranckeal (2014) and Fisheat al. (2016).

Galvanic corrosion results from the contact between two different conducting metals in a
corrosive environmentHack, 1988;Zhang, 2011). This type of corrosion is mostly found in
ships where the parts immersed in the sea water are madeafsvanetal alloysor more
relevant to the current topic, in a metal matrix composite material, where reinforcing material

is spread throughout the metat graphite (Zhang, 2011). Galvanic corrosion may result in
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the accelerated deterioration of onetaher the corrosion protection of a connected metal
known ascathodic protection (Zhang, 2011). Galvanic corrosion is not only affected by the
potential difference between the two metals in contact. Some other metallurgical factors such
as: surface contlons, electrolyte properties, reactions, environmental effaots geometric
factors also play eole, as shown ifrigure 2.11 Zhang, 2011).

(a) Reversible electrode (g) Geometric factors
potentials area
distance
position
shape
orientation
(b) Reactions ;
dissolution s (63) Envn‘onmenta! effects
oxygen reduction forms of moisture
hydrogen evolution cyclic wet/dry
— solar radiation
Anode [—]Cathode climate
seasonal variations

(c) Metallurgical factors / (d) Surface conditions (e) Electrolyte properties
alloying surface treatment ionic species
heat treatment passive film pH
mechanical working corrosion products conductivity
temperature
volume
flow rate

Figure2.11: Factors included in bimetallic corrosion (Zhagg11).

The inherent polarity of a galvanic couple is determined by the reversible electrode potentials,
while the actual polarity depends on the reactions, surface conditions and metallurgical factors
such as alloying and heat treatment (Zhang, 20119m@tic factors such as area, distance
between the different areas, shape, position and orientation, make galvanic corrosion unique
and more complex compared to other forms of corrosion which are only affected by the
material and the environment (Zhang12Q An important factor under geometrical factors is

area, mainly focusing on the anode and cathode areas.

The area ratio needs to be considered when looking at the possibility of having galvanic
corrosion between two metals (NPL, 2007). In the caseenherarea of the cathode is larger
than the area of the anode (Figure 2.12B), oxygen is easily reduced, thereby increasing the

galvanic current and therefore there is an increase in the corrosion (NPL, 2007). There will
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be insignificant corrosion attack the case where the anode area is larger than the cathode
area (Figure 2.12A). When the corrosion current relies on the dissolved oxygen diffusion rate
to the cathode (static conditions), the corrosion attack will be proportional to the area of the
cathale and will not be dependent on the size of the anode according to the catchment area
principle (NPL, 2007).

» .
Anode “Cathode

A) Large anode area, small cathode area showing relatively
insignificant attack over a wide area of sheet.

Cathode ~ Anode

B) Large cathode area, small anode area showing relatively
pronounced attack of the rivet head.

Figure2.12: Dependence of Galvanic corrosion on area (NPL, 2007).

Referring to the galvanic 8es under sea water conditions (Appendix A);6Al-4V is
number 85 while Mo is number 58; therefore, the contact between these two dissimilar metals
is conducive for galvanic corrosion in the right environment. The difference in the potentials
between tk two metals means that in an electrically conducting corrosive solution/liquid, the
current will flow from the more electronegative anode (Mo in this case) to the more

electropositive cathode (-BAI-4V). This will result in the corrosion of the anode.

It is also important to note that from the microstructure, the area of the anode is relatively
smaller than the area of the cathode; this is expected to increase the corrosion rate according
to the 06ar gavancadrrosmdaf MdWbdenuro patés could hinder the usage

of this composite in the dsuilt state for a number of applications, like the aerospace industry.
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2.7 Modification of Ti -6Al-4V microstructure

Ductility can be improved in different ways, and for conventional methods such as ,casting
Luanet al (2014) found that micralloying with boron improved ductility and changed the
fracture mode from intergranular to transgranular fracture. The improvement in ductility was
found to be related to the grain refinement of the prior beta gnalish can also improve
properties such as strength, fatigue resistance, fracture toughness, cdatigi@resistance

and corrosion resistance.

The reduction of the prior b grain size res
the size of U etcalp 20@2). iLumret al( (F024) and Bedensat al (2012)
confirmedthe earlier work oPederson (2002), statingthatdea@ s i ng t he U col o
decreasing the measure of slip (slip length), leading to an increase in yield strength, ductility,
crack propagation resistance and crack nuc
only leads to improved maci@ad propagation resistance and fracture tough(iesderson,

2002)

The b phase is more ductile than the U phas
as molybdenum, vanadium, tantalum and niobium leads to an indredsetility (Leyens

and Peters, 2003). The amount of these elements must be carefully monitored, as increasing
ductility mostly leads to a decrease in strength. Vranekext (2014) found that the addition

of 10 wt%molybdenum changed the solidificatiorode from planar to cellular, as a result of
severe solute distribution between the liquid and the solid. Planar solidification takes place
when there is a combination of high actual temperature gradient (G) and low growth rate (R),
while cellular growthhas a higher growth rate compared to the planar solidification but lower

temperature gradient.

The microstructure of T6AI-4 V. al |l oyed with Mo (b titaniu
Figure 2.10A) wa s possible due to ftome ab
transforming to acicular martensite during
Vranckenet al (2014) also found that static tensile properties showed a combination of

reduced UTS anthcreased fracture strain comparedie€bAl-4V, asshown inFigure 2.13

Post heat treatment of-6iAl-4V has also been found to reduce residual stresses and increase
ductility by refining the microstructure of parts produced by laser based additive
manufacturing. Xuwet al. (2015) showed that low tempase¢ ageing for at least-8 hours
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resulted in a microstructure of fine lamellar alpha and heith, or without primary alpha.

This was possible due to the decomposition

Other problems arising from the processing include the development of pores, which are
process induced defects from initial powder contamination|aad voids after powder layer
deposition and when nadeal scan parameters are used (Simethal., 2003). Current
solutions to the porosity problem include hot isostatic pressing and laseitneg, which
increase the production time and cost (Simehial, 2003). Low surface quality can be

improved by laser renelting of the outer layer.

TiGAI4V-ELI -
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Figure2.13: Stressstrain curves for SLM produced-6Al-4V and wrought T6AI-4V (Vranckenet
al., 2012).

2.8 QuesTek Innovations LLC

QuesTek Innovations LLC was founded by Prof. G. Olson and Mr R. Genellie in 1997. They
are a global company and leader in integrated computational materials engineering (ICME)
and their business model involves designing, developing amhtpag new materials and
licensing to producers, OEMs and Eumskers QuesTek has won awards for seven US patents
with 23 US patents pending and they have at least 35 ongoing méfecisded projects

(QuesTek, 2016) The compay is known for its success in designing alloys to meet
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designated performance requirements, commercialising these alloys and then qualifying and
developing them for demanding applications in aerospace and other industries. This is done
by incorporating sitable thermodynamic and kinetic databases with advanced computational
modelling tools, so that the explicit chemical compositions and important processing

parameters of a material can be accurately and quickly determined.

The ICME technologies used by €sTek are accepted as the best alternative to traditional,
empirical, trialanderror methods of material discovery, saving time and money associated
with novel materials developme(@QuesTek, 2016)With regard to additive marfacturing

(AM), and the increased interest in developing new alloys to suit the manufacturing process,
QuesTek has developed a modified6Ril-4V alloy. This was done by considering the rapid
heating and cooling rates which lead to intense residual esregsorequilibrium
microstructures, hot tearing and quench suppressibility concerns. This was done using
advanced ICME technology. In addition, oxygen tolerance and novel precipitation

strengthening concepts were also studied.

The QuesTalloyalloy, with composition given in Table 2.2 (Wrigtet al, 2011), was
patented in 2011 in Europe and Japan, with its status still pending in the United States.
QuesTalloy was found to have better fracture toughness and ductility compared to wrought

Ti-6Al-4V and was mie suited for AM processes

Table2.2: QuesTalloy composition (Wriglet al, 2011).

Element Composition (wt%)
Aluminium ~3.0-~6.0
Tin ~0-~15
Vanadium ~2.0-~4.0
Molybdenum ~0.5-~4.5
Chromium ~1.0-~25
Iron ~0.2- ~0.55
Oxygen ~0-~0.35
Boron ~0-~0.007
Other incidental elements ~0-~0.6
Titanium Balance
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2.9 Rationale for the current study

In light of the current importance of alloy development in additive manufacturing, especially
for finding material with better mechanical properties tha®Al-4V processed by PBHn

situ alloying would be a faster and more convenient way of developing alloys if the process
could produce a homogeneous microstruc(Besfi et al, 2016) Work has beesuccessfully
completed onn situ alloying Ti-6Al-4V with Mo in order to improve the fracture toughness
and ductility by st abatéli2014)najhougitee pbwerpahdattee (
speeds used in that work are moderate compared to the speeds used by the Rbroswift
machineat the CSIR. Obtaining the same effect for high power, high speed application would
mean that alloys with better mechanical properties could be developed during processing,

saving time and money.

It is also worthwhile to compare the implications of aihmythrough the PBF and the DED
process. This would give an indication of which process is capable of producing a
homogeneous microstructure. Thebaslt composite microstructure of -BAI-4V and 10

wt% Mo alloyedin situ, produced by Vranckest al. (2014) via PBF process has unmelted

Mo patrticles which may not be acceptable in industries with stringent requirements such as
the aerospace industry. Another implication of a composite microstructure isgaigemic

corrosion, which if environmentally condwe can decrease the life span of the component.

In order to cover the full topic, it is of interest to investigate whether the route fu
alloying of TH6AI-4V wi t h Mo to produce a fully b al

commerciab-Ti alloy powder such as T3AI-8V-6Cr-4Zr-4Mo for additive manufacturing.

29



Chapter 3: Experimental procedure

3.1 Materials

The titanium alloy Ti6AI-4V (with two different particle size ranges) was procured from TLS
Technik Spezialpulver in Germany. The first powder had a particle size -@DGHHm
(Section 3.2.1and the second powder (with a smaller particle size) had a sizeab2@€0

um. Molybdenumalsohavingtwo different particle size rangesas obtained from Weartech

in South Africa. The Mo powder used for the powder bed fusion (PBF) process consisted of
particle sizes of less than B@n. The particle size of Mo used was finer than that edAlr

4V for the purpose of obtaining better melting of Mo by increasing the particle surface area.
The Mo used with a LENS' machine had a particle size ranging from14® pm due to its
powder particle size requirements, for good powder flowability. Due to tHieudlly of
getting commercial ti t-3ARSV-6GR4ZB4AMa lod waypocuaed p OV
from Titanium AZ South Africa and exported to Germany for gas atomization at TLS

Technik Spezialpulver. The particle size of this alloy was less thaprhl2

3.2 Powder mixing and Characterization

3.2.1 Purpose of mixing powders
Mo powder was mixed with T6AIl-4V powder as a means to create a homogeneous mixture

to be used during PBF processing and the DED process.

3.2.2 Powder mixing

100 g of Mo powder was mixed with 9@0of Ti-6Al-4V powder in a Turbula mixer (System
Schatz, made in Switzerland) to make 1 kg of mixed powder for processing on each machine
(SLM and LENS™), described irmore detail inSections 3.3.1 and 3.3.2 respectively. Each

powder mixture was mixed f&0 minutes at 75 rpm.

3.2.3 Powder characterization
Powder particle sizanalysisof the mixed powder and the titanium beta alloy was conducted
at the Material Science and Manufacturing (MSM) unit at the Council for Scientific and

Industrial Research (CSIR). Microtrac Bluewave particle size analyser was used to analyse
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the particle size distribution. A JEOL JSB010PLUS/LA Scanning Electron Microscope

(SEM) was used to analyse the particle morphology.

3.3 Sample manufacturing

Figure 3.1showsthe differenttypesof experimental samples produced for this work. With a
selective laser melting (SLM) machine (PBF), high poweB V) and low power (<2 kW)
samples were built at high speeds ef th/s. The samples built at low powers were those of
theb a | 16Al-4V+I0iwt% Moalloyedin situand the commercidl-Ti alloy (Ti-3AI-8V-
6Cr-4Zr-4Mo), while the samples built at high powers were that e8Alk4V andtheb al | oy
Ti-6Al-4V+10 wt% Moalloyedin situ. Only tensile samples were built for low power, high
speed tasile Ti-6Al-4Vs ampl es f or c o AlpaloyiThi®owas becaush thea h e
initial plan was to build high pdivwakoyand hi gh
compare with the high power, high speeebhi-4V samples. Howevethis was nopossible

due to the malfunction of thiarger spot size fibre (48Qum) (capable of building at high
powers) before the manufacturing tbe b-Ti alloy samples. Therefordi-6Al-4V samples

could not be built at low powersvith a LENS™ machine (DED) only lowower (308400

W) and low speed (0.00850106 m/s) samples were buiit situ using Tt6AI-4V+10 wt%

Mo. This was done after seeing the microstructural effects arising from using high speeds

offered via PBF processing.
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Platform

SLM machine

LENS"machine
(PBF)

(DED)

Low power (300

Low power (<2 kW) High power (23 400 W) & low
& high speed (2 kW) & high speed speed (0.0085
m/s) (2-4 mis) 0.0106 m/s)

TH alloy Ti6AHV

Figure3.1: Summary of experiments doiteboth the SLM (PBF) and LENY (DED) machines.

3.3.1 Manufacturing on the SLM Machine (powder bed fusion)

Figure 3.2 shows the SLM machine used in this study. This machine was {ndlisej.e. it

is not a commerci&f purchasedanachine. This SLM machiris smallerthanthe Aeroswiff™
machine but offer identical processing conditions (laser power, speed, atmosphere and
scraping mechanisms), therefore it is mostly used for process development puecss
operation, the system was purged to remove all oxygen from the chamber, and it was then

filled with argon.

An oxygen sensor was used to monitor the environment in the chamber throughout the
purging process and the manufacturing of samples. Afieroxygen reached below 1000

ppm, processing began with the scraper depositing a thin layer of powder on to the base plate
and then moving back to its home position. The scanner then marked the base plate in the
pattern of the CAD drawing provided to thgstem. After the marking, the base plate moved
down the same distance as the layer thickness and the scraper deposited another layer of
powder. This process continued until the samples were completed. With the SLM machine 10

x 10 x 10 mm samples were it for the purposes of microscopic analysis (Figure 3.3a)

32



Rectangular samples 56 x 12 x 6 rhsamples were builrém Ti-6Al-4V and theb-Ti alloy
for tensile testing (Figure 3.3b).

3.3.1.1 SLM (low power, high speed)

The first samples manufacturém the mixed powder (T6AI-4V+10 wt% Mo) on the

SLM machine were made using the smaller siz6Al+4V powder (2660 um), which is the
preferred particle size for the machine as outlined by the Gialidnal Laser Centrand Mo
powder with a particle size of Z80 um (Table 3.1). Parameters such as power and hatch
overlap (degree of which one track overlaps on top of the other) were kept constant in the
manufacturing of samplesloyedin situ and only the speed was varied. This was due to the
speed being identifée (Chlebuset al, 2015) as one of the major parameters that would

influence the dissolution of Mo, therefore its effects needed to be investigated.

The beta alloy samples were manufactured using standard parameters currently used for Ti
6Al-4V (Table 3.2. These samples were manufactured using auab@pot size. Utilizing a

fibre with a larger spot size of 480n would be beneficial for reaching higher powers, but
this fibre was not available at the time of conducting the experimentse $amples \&re
madeto evaluate the feasibility of manufacturingbdli alloy in situ. The commerciab

titanium alloy (T+3Al-8V-6Cr-4Zr-4Mo) was therefore also evaluated to compaesin-situ

and thecommerciabetaalloys.

Scanner (Nd: Yag
Skw laser)

Oxygen sensor

Atmosphere controlled
chamber

Powder Scraper

Base plate (with built
samples and metal
powder

Figure3.2: Photograph of the SLM machine.
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Figure3.3: Samples built on a SLM platform: (a): 10x10x10 freguares for microstructural analysis,
(b) 56x12x6 mrrectangular samples for tensile testing

Table3.1: Experimental matrix foli-6Al-4V + 10 wt% Mo samplesSLM machinelow power, high

speed
Sample ID I?lt(nvv\\;()ar Speed (m/s) Hatck(l (zglerlap Ene(\r]g% (rlln%;lsity
A 1.3 2 50 104
B 1.3 2.5 50 83.2
C 13 3 50 69.3
D 1.3 3.5 50 59.4
E 1.3 4 50 50

Table3.2: Experimental matrix for Fbeta alloy samplesSLM machinelow power, high speed

Sample ID I?l(()vv\vgr Speed (m/s) Hatck(ltyoo;/erlap Ene(r]%%(rjﬁgr)]sity
! 13 3 65 99.1
2 1.3 3 50 69.3
3 1.3 4 65 74.3
4 1.3 4 50 52.4
S 1.3 5 65 59.4
6 13 5 50 41.6
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3.3.1.2 SLM (high power, high speed)

An experimental matrix was developed using the Taguchi mé#thdeya and Venkatesh,
2012)to manufactureghe samplesA fibre laserwith a large spot size (480 um) was used
enablehigh power, coupled with the availability of the fibighe smaller spot size (250 pm)
fibre lasercould not achieve the high powers which needed to be evaluated. Table 3s3 show
the matrix used to determine optimum parameters #&AT#4V and T+6Al-4V+10 wt% Mo

alloys using high powers and speeds. At the time of conducting tiggs@ower, high speed

experiments, thé-alloy was still being procured anehastherefore not included.

In an attempt tamprove themelting of Mo particles, theverageMo particle sizewas
decreasedHence Ti6Al-4V had a particle size of 4800 um and Mo had a patrticle size of
below 32 um umg a sieve with 32 um mesh size. To accommodate this change in particle
size, the layer thickness was kept constant at 65 um. The main reason for varying the hatch
overlap was also an attempt to increase the melting of Mo by increasing the area of the hea
interaction A greater overlap meansdttthe previous layerarereheatednore

Table3.3: Experimental matrix for high power, high speeebhil-4V and Ti6Al-4V+ 10 wt% Mo
samples manufactured with the Slrivachine.

Sample ID F(‘l(()Vv://?r Speed (m/s) Hatck(lo/c:;/erlap Ene(zgiyngq%?sity
A 2 4 80 80.1
B 2 4 50 32.1
c 2 2 80 160.3
D 2 2 50 64.1
E 3 4 80 120.2
F 3 4 50 48.1
G 3 2 80 240.4
H 3 2 50 96.2

3.3.2 Manufacturing with the LENS ™ machine
Similar to the PBF process (SLM machine), manufacturing via the DED process was done
under an argon atmosphere using a LEA®achine (Figure 3.4). The powder was deposited

via an injectionnozzle systemThe heat source (laser) thpassed througthe centre of th
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nozzles and melted the powder onto the base plate according to the CAD design. Instead of
the base plate moving down to process the next layer, as in the SLM machine, the nozzle
system moved up the same distance as the layer thickness. The procesedanttit the

sample was complete.

3.3.2.1 DED (low power, low speed)

Samples for the LEN®' blown powder system were produced from premixe6Al-4V+10

wt% Mo powder where the particle size of@Al-4V was 45100 pm and the particle size of

Mo was between 480 pm (Table 3.4). This is because the LEN®lown powder system

works more efficiently with a larger particle size, while the SLM machine can handle a
smaller particle size range. Only theTi alloy (Ti-6Al-4V+10 wt% Mo)alloyedin situ was
duplicated orthe LENS™ machine as a means of comparison with the SLM prodincsitu

alloy. The powder set point was kept at 1.7 rpm, and the samples were built in the shape of
coupons with two contours and two different hatches, one at 0° and the othervethi®f°

were found to give the optimum build parameters and shape (Figure 3.5).

Fiber optics Gas purification system Cameras and focusing optics

Computer interface Handling port  Fiber laser Deposited component Tecionnocaes

a) b)

Figure3.4: Photographs of the LEN% machine (a) Full Optomec LENY' machine setip,and(b)
Injection nozzile and stage
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Figure 3.5: Coupon shaped samples of6Al-4V+10 wt% Mo built in the LEN8" machine(the
samples ar&5 mm acrossnd 11mm high).

The powers and speeds utilized by the LENSystem were considerably lower thémse

used by the SLM machine. This was expected to give better dissolution of Mo-6&d-Ti
4V+10 wt % Mo alloy and therefore achieve
increased lasgrowder interaction time afforded by the LENS Hence, it wasmore
important to producéhe Mao-containingalloy rather tharTi-6Al-4V and Ti5Mo-5V-2Cr-3Al

in the LENS™ machine, because thesemmercialalloys do not have the same melting
problems (Vranckest al., 2014).

Table3.4: Experimental matrix for low power, low speed@Al-4V+10 wt% Mo samples,
manufactured with the LEN® machine.

Sample ID Power Speed Hatch Layer thickness| Energy desnsity
(W) (mml/s) overlap (%) (mm) (I/mm°)
360 10.58 50 0.3 202.5
2 360 8.46 50 0.3 253.2
3 400 8.46 50 0.3 281.3
4 400 10.58 50 0.3 225.0
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3.4 Sample analysis

Figure 3.6 outlines the sample analysis procedure undertaken for the samples built by PBF
and direct energy deposition (DED) processes. The samples were metallognaphégedied

and porosity measurements were done using Stream Essentials software (identifies percentage
of different phases). Optical microscopy was done on each sample and images were taken at
the bottom, middle and top of the sample at different magtidit® These optical images,
coupled with the porosity measurements were then used to determine the optimum
parameters. Scanning electron microscopy and phase analysis via EBSD/ éRihen

conducted on the chosen samples.

Both micre and macre Vickers hardness measurements were conductetheb-Ti alloy
alloyedin situ produced on both machines, while only mitfickers hardness measurements
were taken for the commercial alloysor the DED sample®snly porosity and hardness were
evaluated because the main focus was on PBF processidgDED was only done for
comparison. The microstructure and hardness resolgdwrovidean indication of whether

the addition of 10% Mo wuld increase ductilityTensile sample manufacturing and testing
was then conducted on t he6AldY alloys to mvestitate the a n d
possibility of the commercial beta alloy being a more suitable material for additive

manufacturing compared to-BAl-4V built at the same processing parameters.

Tensile samples were notanufacturedor the Ti-6Al-4V+10 wt% Mo composition, because

the asbuilt microstructure was tomhomogeneoydeading to inconsistent hardness results.
The micro-galvanic corrosion effectalso contributed to this alloy being eliminated as a
possible solution to the problem. Thereforevdis decided that no further investigations would

be done on itMicro-galvanic corrosion effects with the-hsu i dTitalloypalloyedin situ
produced via the PBF process was a concern, due to the poor melting of the Mo particles,
therefore a sample buidtt the highest speed with the highest fraction of unmelted particles

was immersed in a 3.5% NacCl solution over 20 weeks to observe the effects of corrosion.
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Figure3.6: Summary of experiments conductadthe samples produced via the PBF (SLM) and DED
(LENS™) processes.

3.4.1 Metallographic sample preparation (Both SLM and DED samples)

3.4.1.1 Cutting
Cutting was done tobtaina more manageable sample to analyse with microscopy and for
hardness testing. Samplesreveut using a Struem®iscom -2 cut off machine. This is an
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abrasive cutting machine that uses rotating disks which were mainly made up of abrasive
particles bonded by a suitable medium. The consumable disk used for cutting all samples was
a Corundum HRype disk which is specifically used for materials like titanium alloys. In

abrasive cutting, a coolant is usually used to prevent mechanical and thermal damage and in

this case, water was used.

3.4.1.2 Mounting

Mounting, in conjunction with cutting, was importaist do for handling ofsmall samples
during examination. Mounting was done on both a StrEersto mounting pres3 machine

and on a AMP 50 automatic press machine, using conductive resin. Careful monitoring of the
pressure was needed on the Stru®estomachine, because a drop in pressure during the

heating stage would lead to cracking of the resin.

3.4.1.3 Grinding

Grinding was done on a Struers Tegrapdlgrinding and polishing machine. The samples
were first ground with silicon carbide 320 grit paper. Thé gaper was changed to 1200 for
finer grinding. The final grinding stage was done using 4000 grit paper and after this stage no

visible scratches were seen on the samples.

3.4.1.4 Polishing
To obtain a mirror finish, a MECHEM polishing cloth was used with caliial silica
50nm/ORS 0.04um as lubricant.

3.4.2 Porosity analysis

Porosity analyses on the SLM and DED samples were done on the etchesectmssed
samples. The crossections were analysed using image analysis (Stream essentials) software
on imagedakenat 50x, the pores were determined at a magnification of 50x. For an#hgsis
pores and the sample microstructure were identified as two different phases.

3.4.3 Optical microscopy
Optical microscopy was done with @ympus BX51M microscopéor all the samples. fie
areas of focus analysed were the bottom, middle and top. Images were tabeni@d6and

200x magnifications.

3.4.4 Scanning Electron Microscopy with Energy Dispersi ve X-ray Spectroscopy
Scanning electron microscof$EM) in backscatter and secondary elentmodesvas done

to further analyse the microstructures. The images were taken at low magnifications (43x) to
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obtain an overview of the sample surface. The magnification was increased to 100x and then
at higher magnifications of 1000x and 3000x. Energpealsve X-ray spectroscopyEDX)

was done to investigate the elemental composition of different areas.

3.4.5 Macro and Micro Vickers hardness

Micro-Vickers hardness measurements were done on samples which were produced from
optimum parameters. The tests wdome on a Zwick Roell ZHVp Vickers hardness machine

by applying a load of 300 g for a dwell time of 10 seconds. A hardness profile was taken from
the bottom(closer to build platformpf each sample to the tgpt maximum height)Macro

Vickers hardness masurements were done on a Futlieeh F\‘700 Vickers hardness
machine by applying a load of 20 kg for a dwell time of 10 seconds. The -viek&rs
hardness tests were only conducted or5AlF4V+10 wi% Mo sample with optimized
parameters, produced withetlSLM machine and the LEN'$ machine for comparison.

3.4.6 Electron Backscatter Diffraction and X -Ray Diffraction

For the Ti6Al-4V+10 wt% Mo samples produced with the SLM machine (low power and

high speed), Xay diffraction(XRD) was done using a PanalyticabXp ert PRO PW30
Xray diffractometer with a Cu KU (aXRDP 0. 15
was usedto identify the phases present in tinesitu manufacturedalloy. After the phases

were confirmedElectron Backscatter DiffractioieBSD) wasthen conducted on the samples

that followed to identify the location of each phase in the microstructure of the sample.

3.4.7 Tensile testing

Tensile samples were machined into a 6dog
done using the ASTM E8 M stdard (ASTM International, 209) at the CSIR Material
Testing Laboratory. Tensile testing was only done feBAli-4V and theb-Ti alloy and only

three samples were made for each alloy.
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Figure3.7: Schematic diagram of tensile samples.

3.4.8 Micro -galvanic corrosion experiments

The micregalvanic effects between unmelted Mo partieled T+6Al-4V were considered as

a possible probl em, therefore furtheA- i nve
4V+10 wt% Mo) alloyed in situ produced on the SLM machine at the highest speed was
chosen for this experimebiecause it had the higstefraction of unmelted Mo particle3o

make a 3.5% NaCl solution, 108.8 g of sodium chloride was dissolved in 3000 ml of distilled
water in a5-litre plastic bucketAn area of focus in the form of a circle was drawn on the
surface of a polished samplasing Vickersindentations. The sample was tied with fion
conductive thread and the other end of the thread was tied to a stick which was placed on the
top of the bucket. The polished sample was then submerged in the prepared solution. The
experiment was l¢in the solution for a week, accompanied by stirohghe solution twice a

day in order to make sure there was sufficient oxygen for possible corrosion reactions. The
solution was also replenished biweekly to compensate for evaporation. Optical npgrosco
was done on the samples before the experiment and after each week for 20 weeks. SEM with

EDX was also done for closer examination.
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Chapter 4. Results

4.1 Powder Characterization

Before the manufacturing of the samples, powder characterization was conducted to verify
that the powder specifications given by the supplier was correct. In the casepoiveler

mixing took place, the verification that proper mixing took place was important.

4.1.1 Characterization of Ti -6Al-4V+10 wt% Mo powder

Figure 4.1 (a) shows that the morpigy of both Ti6Al-4V (dark particles) and the Mo (light
particles) were spherical. However, some of théAl-4V particlesshowedsome visible
porosity. At a magnification of 200xonly two particles appeared to have pores out of the
whole sampleThe prosity arises from the air trapped in the molten metal, which remains as
gas bubbles. This material porosity was undesirable as it would add to the

process/manufacturing porosity, thereby decreasing the build quality of the finished samples.

Figure 4.1 ) shows the particle size distribution curves of théAl-4V (red curve) and Mo

(blue curve) mixed powdeMost of the Mo particleshad sizedbetween 2660 um withthe

dsp at 38 um. The FBAI-4V particles were larger than the Mo patrticles, with a sargyeof
50-100 pm andhedsp at 76 pm.

“ (b) PBF powder

60

40 ——Mo

——Ti-6Al-4V

Cummulative (Vol%)

20

0 20 40 60 80 100

size (um)

Figure4.1: PBF powder characterization: (a) SEB$E image showing powder morphology, (b)
Powder particle size distribution curves.

Molybdenum powder with differdrparticle sizes was used for the direct energy deposition

(DED) process although the mixing procedure was identical to that done for the Powder Bed
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Fusion (PBF) powder. Figure 4.2 (a) shows that the morphology of te&l#4V (dark

particles) and the Mdight particles) was also spherical.

Figure 4.2 (b) shows the particle size distribution curves of H8AF4V (red curve) and Mo
(blue curve) mixture. As stated in Section 3.3.2.1, as per the requirements of thE"LENS
machine, the powder particlésd to be between 4500 pumfor good powder flowability.
Therefore, both the T6AI-4V and Mo powders had a similar particle size range as opposed
to the PBF powder. The -BAI-4V powder had particle sizes ranging fromBID um with

dsp at 77 pum, while théMo powder particle sizes ranged from 80 um with do at 60 pm.

(b) DED powder

'd s

40 f
/ —B-Ti-6A1-4V
20 '
0

0 20 40 60 80 100
size (um)

Cummulative (Vol%)

BEC 20kV ‘WD 10mm SSE0
Sample May 08, 2016

Figure4.2: DED powder characterization: (a) SEBSE image showing powder morphology, (b)
Powder particle size distribution curves.

4.1.2 Characterization of 1 -Ti alloy powder

Figure 4.3 (a) shows that the morphology of t&i alloy (Ti-3Al-8V-6Cr-4Zr-4Mo)
particles was spherical famost of the particles with some irregularly shaped particles
sparingly present. Figure 4.3 (b) shows the particle size distnbaurve for theb-Ti alloy,
which indicates that particles ranged fromXZ0 pm with doat 70 pm.

Ti-Beta alloy

—4—Ti-Beta alloy

0 20 40 60 80 100

size (um)

SEI. 20KV WD10mm S$60 x180 ’~
Sample ‘ 0.8 Feb {8, 2017

Figure4.3: b-Ti alloy powder characterization: (a) SEBEI image showing powder morphology, (b)
Powde particle size distribution curve.
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4.2 Parametric study

The effect of the different process parameters had to be understood, especially when trying to
find the correct combination to give the least porosity (due to lack of fusion or gas bubbles

between partles) and other sample defects, such as unmelted powder particles.

Figure 4.4 shows optical images for-GAl-4V samples produced at different processing
parameters. Images were taken at the bottom, middle and top and are sorted from the lowest
energy desity to the highest energy density. As the energy density increased, the build
guality increased and the porosity decreas:¢

grains were thinner than those seen at higher energy densities.

4.2.1 Effect of energy density on the build quality (Ti -6Al-4V)

The build quality refers to a combination of factors that were inspected during and after the
manufacturing of the samples. These factors were in the form of questions that needed to be
answered upon visual inspectiohthe sample, such as:

1. Did the sample delaminate from the base plate during manufacturing?
2. Did the manufacturing of the sample stop due to spatter or uneven building?
3. Was there severe lack of fusion between lay&irs® lack of fusion was evaluated by

ase@rtainingwhether two or more layers did not adhere to each other.

I f the answer was yes to any of these que:c

answer was no for all three questions then

Figure 4.5 shows that onliaree of the sixsampleghat were built received a response of one.
Using energy densities lower than 64.1 J/alid not give the desired build quality, while
using energy densities betweenB80 J/mni yielded an acceptable build quality. Utilizing an
enegy density greater than 160 J/mproduced too much heat, so that the sample could not

be built and hencthe procesbad to be aborted.
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160.26 J/mth

Figure4.4: Optical micrographs (scale bar: 208) showing the eéfct of energy density on the build
quality for TF6AI-4V built on the SLM machine.
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Figure4.5: Effect of energy density on the build quality forGAI-4V built on the SLM machine.

4.2.2 Effect of energy density on sample porosity (Ti -6Al-4V)

To determine the relationship between the energy density and the porosity, two samples
which passed the response test and two samples which failed the test were used. Figure 4.6
shows that an exponential relationship exissveen the energy density and the porosity for

the Ti6AI-4V samples built on the SLM machine according to Equation 4.1. ThalRe

was fairly high (0.9714) meaning that the exponential model fits the data well. As the energy
density increased, the paity decreased exponentially.

®w @8tuv @es Equation 4.1

4.2.3 Effect of energy density on sample porosity ( 1 -Ti alloy)

Due to the fact that there was nceyious work done in additive manufacturing for this
specific b-Ti alloy (Ti-5Mo-5V-2Cr-3Al), the safest option during processing was to start
with base parameters currently proven to work fe6Ai-4V at the CSIR. Figure 4.7 shows

the resultant optical iages of samples that were built using these parameters. As observed for
Ti-6Al-4V, as energy density increased, the build quality increased and the porosity

decreased.
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Figure4.6: Graph showing the effect energy density on sample porosity forGAl-4V samples
built on the SLM machine.

Wavelike structure separating each layavere seen grpendicular to the build direction.
There were also columnar b grains growing
unmelted particles in the microstructure, but there seemed to be sites where finer material
fused together to form dark areas, whicbuld be mistaken as porosity at lower
magnifications (Bx). The porosity measurements were taken with careful consideration of

these sites for better accuracy.

Figure 4.8 shows a curve indicating the relationship between the energy density and the
porosty of theb-Ti alloy. The curve shows that a polynomial relationship exists between the
energy density and the porosity for theli alloy samples built on the SLM machine
according to Equation 4.2. Thé Ralue (0.8976) shows that the polynomial model wésira

fit for this dataHowever, an exponential decay relationship may better fit the data at high

energy ansity values.

W TBITTQEY T@ X W ¢ Y X Equation 4.2
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Figure4.7: Optical micrographs (scale bar: 20@) showing the effect of energy density on the build
quality forb-Ti alloy built on SLM machine.
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Figure4.8: Effect of energy densitgn sample porosity di-Ti alloy.

4.2.4 Effect of the addition of Mo to Ti -6Al-4V (in-situ alloyed powders)

The addition of Mo to FbAI-4V greatly changed the microstructure of the alloy. Figure 4.9
shows a similar trend to that seen ir6RI-4V (Figure 4.4) ad theb-Ti (Figure 4.7) alloy: as

the energy density increased, the build quality increased and the porosity decreased. The
wavelike structure separating the different layers observed in Figure 4.7 féxThealloy,

was more prominent in t@Ti alloyedin situ. The different contrasts (light and dark areas)

of some layersvere also visible on the micrographsedicating signs of inhomogeneity in

terms ofdissolvedMo.

4.2.4.1 Effect of energy density on the build quality

Figure 4.10 shows the effect of theeegy density on the build quality. The only energy
densities which resulted in unacceptable build qualities at¢he lowest (32.051 J/minand
the highest (240.385 J/mijntestedvalues. Comparing Figure 4.5 (GAI-4V with no Mo)
with Figure 4.10 (TH6AI-4V with Mo), it was evident that the addition of Mo improved the
build quality at energy densitieghere the T6AI-4V hadfailed.

4.2.4.2 Effect of energy density on sample porosity

Figure 4.11 shows the relationship between the energy density and sampley.pdhes

curve shows that a polynomial relationship exists between the energy density and the porosity
of Ti-6Al-4V+10 wt% Mo alloyed in situ produced on the SLM machine according to
Equation 4.3. The Rralue 0.9514 indicatess reasonable fit.

W T PTMTW TATTWC T X O X Equation 4.3
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Figure4.9: Optical micrographs (scale bar: 206) showing the effect of energy density oa tuild
quality for Ti-6Al-4V+10 wt% Mo built on the SLM machine.
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Figure4.10: Effect of energy density on the build quality for@Al-4V+10 wt% Mo.

0.7

¢ Average Porosity (Ti-6Al-4V+10Mo)

0.6 —— Poly. (Average Porosity (Ti-6Al-4V+10Mp))

% Average Porosity
o o o

w £ (6}

*

/.

. ‘ \
0.2

y =-4E05% + 0.0052x + 0.3737\

R2=0.9514
0.1 \?

O 1 1 T T

0 50 100 150 200 250
Energy Density (J.m®)

Figure4.11: Effect of energy density on sample porosity 6BAl-4V+10 wt% Mo built on the SLM
machine.

4.2.4.3 Effect of speed on the dissolution of Mo
As a result of the large difference in the liquidus temperature-6ATF4V (1660°C) and the
melting point of Mo(2623°C), the processing spesdsan important parameter in obtaining

complete dissolution of Mo.

Figure 4.12 shows the micrographs of-6AI-4V+10 wt% Mo alloyed in situ The

micrographs show no apparent difference in the amount of undissolved Méebaralysis
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with the Stream Essentials software whicbalculated thepercentage of each phase, it was
evident that as speed increased, the dissolution of Mo decreased.

Figure 4.13 shows the relationship between speed and proportion of undissolvedidlespar
As the speed increased, the number of undissolved Mo patrticles increasedwéhe five
times moreunmelted particles found at the highest spafedl m/s (Figure 4.12a¥han those
found at the lowest speed 2.5 m/s (Figure 4.12dNo significant difference in dissolution
was observebtetween the samples that were processed at 3 m/s and at 3.5 m/s.

\
Jun 24, 2016+

BEC 20le WD10mm SSe0. * x100 100pm’ =
> } 5

M Sample

BEG!Z goill p = WU/ (44 BEC 20KV WD10mm SS60 X101~ ' 100um m——g
TSamoNe i L LA b7t BT O R ACIRE N R LR A b U Wd22018] sample ‘400 Jun 23,%016

Figure4.12 SEM-BSE images showing the effect of speed on the dissolution of Mo (white particles
where the build direction was from left to right built at a speed of: (a) 4 m/s, (b) 3.5 m/s, (c) 3 m/s and
(d) 2.5 m/s
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Figure4.13: Effect of speed on the dissolution of Mo irGAI-4V.

4.2.4.4 Effect of hatch overlap on the dissolution of Mo

The hatch overlagthe percentage one track overlaps anothea$ identified as another
important parameter with regards to the dissolution of Mo. The increase in hatch overlap was
expected to improvthe heating,andtherdore dsoimprove the dissolution of Mo.

Figure 4.14 shows graphs demonstrating the relationship between the hatch overlap and
undissolved Mo particles. At the highest power (3 kW) and the highest speed (4 m/s),
increasing the hatch spacing had no sigaiit influence on the dissolution of Mo (Figure
4.14a). At the lowest power (2 kW) and at the lowest speed (2 m/s), increasing the hatch
overlap greatly improved the dissolution of My reducing theemainingunmelted particles

from 5.8% to 0.7% (Figuré.14b).

There was a large margin of error in these results due to the inhomogeneity of the
microstructure. There were some areas that had a much larger concentration of undissolved
Mo particles, and areas where there was a negligible amount of undistyedt this was

a random distributionThe combination of low powemndlow speed coupled with the larger

hatch spacing was more beneficial to the improvement of the dissolution of Mo than the
combination of high poweaandhigh speed coupled with the ¢ggar hatch spacing.
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Figure4.14: Effect of hatch overlap on the dissolution of Mo irR6RI-4V+10 wt% Mo built on the
SLM machineat (a) 3 kW and 4m/s and (b) XW and 2m/s.

4.2.4.5 Effect of power on the dissolution of Mo

Lastly, power is another parameter which greatly influenced the dissolutionlyddenum,

as shown irFigure 4.15. As the power was increased, the dissolution of Mo increased. It

important to note that these measurements were taken aiwhstIspeed of 2 m/s. If the

measurements had been taken at the highest speed (4 m/s), there would not be enough time to

melt the Mo powder, therefore decreasing the likelihood of any improvemeMoin

dissolution.

undissolved Mo %

3.5
3.0
2.5
20
15
1.0
0.5
0.0

m 2kW power

m 3kW power

Figure4.15: Effect of power on the dissolution of Mo in-BAl-4V+10 wt% Mo built on the SLM
machine at 2 m/s.

The process parameters had a large influence on the integrity of the built samples. For all

samples, the increase in energy densitytdeah increase in the build quality and a decrease in

the porosity. The addition of Mo to -BAI-4V provel to be beneficial, as some of the
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parameters which failed the response test using conventicB&l#V, passed the test when
Mo was added. On stunhg the influence of the key influential process parameters on the
dissolution of Mo, such as speed, hatch overlap and power, it was found that these parameters

greatly improved the dissolution of Mo in the following ways:

1. Decreased speed led to decreammdunts of undissolved Mo.

2. Increased hatch overlap led to decreased amounts of undissolved Mo. The
improvement was more significant with the combination of low power and low speed,
compared to high power and high speed.

3. Increased power led to decreased am® of undissolved Mo.

As much as these parameters influence the dissolution of Mo, obtaining the correct
combination of parameters greatly influenced the results. The parameters that gave the least
amount of porosity and the best build quality both Ti-6Al-4V and Ti6AlI-4V+10 wt% Mo

were 2 kW, 2 m/s and at 80% hatch overlap. There was also the least amount of undissolved
Mo at these parameters. For @i alloy, considering the build quality and the porosity, the

best parameters were at 1.3 kW, 3 arid 50% hatch overlap.

4.3 Study of the microstructure and phase analysis for chosen parameters

4.3.1 Low power & high speed samples

4.3.1.1 Microstructure

For the first set of samples alloyad situ at 1.3 kW, 2.5 m/s and 50% hatch overlap, the
microstructure was analysgeising a SEM and the phase analysis was done using XRD. These
initial tests were done to see if alloyimg situ could be done on the SLM machine and
whether a fully beta microstructure could be obtained. Figure 4.16 shows the microstructure
obtainedby in situalloying Ti-6Al-4V with Mo with the SLM machine. The microstructure
was characterized by walige patterrs separatig each layer (Figure 4.16a) as described in
Section 4.2.4. There were also unmelted Mo particles (light particles) visible in th& ma

under backscattered electron m@Bryure 4.16b).

Light and dark areas in the matok the alloyindicatd a difference in compositiorcurther
investigationby X-ray mapping in an area showing such variation (Figure 4.1st&weda
difference in mtybdenum contenfFigure 4.17b)This indicateghat there were areas in the

microstructurevhere moreof Mo had dissolvedhan in other areasnd this was observed in
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the polished sample3he areas that were identified as weak points for depleted wdissol

were those that looked like groovescrevices in the microstructure. From KRnalysis, it

was then established that even in the areas where Mo had dissolved, the amount was not
consistent throughout the matrisomeareascontainedonly 4 wt% Mo while other areas
contained wt% Mo.

A\
a\ \\

:EI 'zlqgv, w;;16:nms$so ‘: f' xﬂn; R 160:&(», E—*’- °

ample 3 Y > \? ,

Figure4.16: SEM micrographs of F6AI-4V+10 wt% Mo made with the SLM machine where the

build direction is from left to right built at 1.3 kW power, 2.5 m/s speed art¥d Hatch overlap: (a)
SEI mode and (b) BSE mode.

(A | eEcmoky wotommgsso
MUun23,2016 . | Samplés > ¥

Figure 4.18 shows the XRD results for@Al-4V+10 wt% Mo built with the SLM machine.
Figure 4.18a shows the results of a sample built at the highest speed of Ak raipected
from the microstructural ahay s i s , the sample was not full
detected, as well as Mo peaks as a result of unmelted Mo particles. Although the same phases
were present ithe samplebuilt at the lowest speed of 2.5 n{lSgure 4.18b)the quantity
(number ofpeaks visible) of thedentifiedU peaks had decreased.

Figure4.17. SEM-SE micrograph of Mo map done on an area in the microstructure: (a) area of
analysis and (b) Mo map.
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Figure4.18: XRD results: (a) sample built at the highest speed (4 m/s), and (b) sample built at
the lowest speed (2.5 m/s).

4.3.1.2 Micro-galvanic corrosion

After observing the microstructure of-BAI-4V+10 wt% Mo alloyed in situ, the micre
galvanic corrosion effects of such an inhomogeneous microstructure became of interest. The
sample built at the highest speechich hadthe most unmelted Mo particlesvas immersed

in a 3.5% NaCl solution for 20 weeks, amdsanalysedveekly.

Figure 4.9 shows the grain structure afmolybdenum particle in the allo¥igure 4.19a
shows thewhole un-etched particle while 4.19b shows the particle etched with a solution of
10 ml glycerol, 10 ml HN®@ and 10 ml HF. The microstructure consisted of grains of
different sizes There were visible smaller grains (sgtains)inside some grainsThere was

also porosity which was mostly visible on the grain boundaries, rather than inside the grain.

Figure 4.20 shows the progression of the mgatvanic corrosion fnm week 1 to week 20.
Comparing Figures 4.19a and 4.20a, significant changes are evident as the particle had visible
grain boundaries after a week due to the corrosive attack. There was also a darker contrast
area in Figure 4.20a which shows that in thaaahe corrosion was more severe than other
areas. After 20 weeks (Figure 4.20b)yvas observed thahe particle waseparatingrom the

matrix and the prior grain boundaries were more pronounced and deeper.
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Figure4.19: SEM-SE images showing grain structure of Mo: am}etched Mo particle, and (b)
etched Mo particle.

Smaller particles (1, 2 and 3) in Figure 4.20(c and d) had corroded to the extent that they had
fully detached from the matrix. The degation of the larger particles (4 and 5) occurred due

to detachment of grains/subgrains within the-péoticles. This was followed by corrosive
attack on the newly exposed grain boundaries. This process repeated until the whole particle

was removed fromhe matrix.

The commercialb-Ti alloy had a microstructure that was significantly different from that of
Ti-6Al-4V+10 wt% Mo. Figure 4.21 shows the microstructure ofatmercialb-Ti alloy.
Figure 4.21a shows that the microstructure seems very poradufpbuFigure 4.21kat a
higher magnificationit was evident that some of the sites which looked like pores with
optical microscopy were actually sites with a different structure from the bulk of the

microstructure, as highlighted by the red circle inuirég4.21b.

The microstructure was characterized by columnar grains running parallel to the build
direction. The wawlike structure observed in the-BAI-4V+10 wt % Mo sample was also
observed for thé®-Ti alloy, butwas less noticeahl@he composition detected by KDwvas
slightly different for some elements (Ti, Al, and Cr) than specified by the manufacturer,

although within errors, Table 4.1.
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Week 1 Week 20

BEC 20kVn WD10mm SS60 x2 000 10pm — BEC 20kV WD10mm SS60 x2 000 10pm S —
Sample 0 Jan 24, 2017 Sample Jun 07, 2017

4

SEI 20kV WD10mm SS60 X600 20pm — 'SEI 20kV WD10mm 60 ‘QsoQ /M 20pm  —
o\ 0

Sample 0 Jan 24, 2017 Q. Sample i ~Jun 07, 2017

Figure4.20: SEM BSE and SE images showing progression of corrosion: (a) and (c) high and low
magnification images respectively after 1 week immersion, and (b) and (d) high and low magnification
images respectively after 20 weeks immersion in 3.5% NaCl solution.

Table 44.1: Compositional analysis @ Ti alloy.

Expected composition
Element ( mg S s %) p( Ma n L EDS. Qetected
o composition (mass%)
specifications)
Ti 75 74+2.8
Al 3 5+1.4
V 8 8+0.7
Cr 6 5+0.7
Zr 4 4+0.7
Mo 4 4+0.7

60



Figure4.21: Microstructure ob-Ti alloy built at 1.3 kW power, 3 m/s speed and 50 % hatch overlap:
(a) Optical micrograpf200um micron bay and (b) SEMBSE micrograpi{50 um micron baj.

Figure 4.22 shows the EBSD results of fh&i alloy, with the build directionrbm left to

right. Figure 4.22a shows the area used for analysing the phases present and in Figure 4.22b
the phase identified was culietatitanium. This was the only phase identified throughout

the sample. Figure 4.22c shows the area used to examigethestructure of the-Ti alloy.

The columnar grains identified in Figure 4.21 were clearly visible in Figure 4.22d. The sites
highlighted by the red circle in Figure 4.21b were confirmed to have a different grain
structure than the bulk of the material. The bulk of the natéyad elongated columnar
grains, while these sites had smaller rounded grains clustered together. Théke&vave

structure separating different layers was not visible in Figure 4.22.
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