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Additive Manufacturing promises intricate and high performance parts to be manufactured with less
waste. However, more research is required into defectd temperature control in complex

geometries, as well as on the production of functionally graded parts.

This thesis covers the initial concepts of a new method of achieving a homogeneous temperature
distribution in a complex part by cutting laser hatafes in to mini hatches and allowing a different
set of laser parameters to be assigned to each hatch. This method should also allow for the generation

of parts with consistent quality that contain microstructurally and mechanically distinct regions.

Further to this, a new method of achieving alternate microstructures using the additive manufacturing
process has been investigated in Inconel 718. Traditional additive manufacturing produces a
microstructure that comprises of long columnar grains. This newhateexploits lack of fusion and
keyhole defects as well as unmelted powder present in the central region of a printed component in
order to generate a wide range of microstructures after hot isostatic pressing. As well as enabling a
variation in tensile pperties to be achieved in a multicrostructural part, this method has been
shown to be able to produce components using a fraction of the time and energy required in a

standard additive manufacturing build.

These findings have implications for the ader field of additive manufacturingwith increased
consistencyproviding a route for simpler part qualification in safety critical industriaad

microstructural control providing higher level of material functionality complex parts.
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1 Introduction

1.1 ProblemStatement

In present day industry, innovation is largely driven not only by performance but also through waste
reduction and increased efficiency. These pose monetary risks and, where already functioning
components have a good level of heritage and demémete is little need, commercially, to drastically
alter them. However, there is a constant drive to increase functionality and quality of existent parts,

while delivering the product at the lowest possible cost.

The materials and processes used to mantifee these advanced engineering components plays a

large role in keeping products as competitive as possible. For example, additive manufacturing (AM)
Fff2ga (GKS 3IS2YSGNER 27F | -TORNMEY SWSia liieA yoB  10RSY Lyt 59
expensve moulds or machining tool access requirements in mind, as well as enabling the alteration

of material microstructure in specific locations in order to manufacture components with site specific
properties. This method of processing product componentgdfe has the potential to greatly

increase the functionality and quality of a product on the market. The additive nature of the process,

as opposed to subtractive processes, also leads to less material waste, reducing the cost of production

and waste maagement.

However, the AM process is highly complex. This is due to the fact that the heat dissipation within the
built part, and therefore the processing conditions, fluctuate with every change in geometry. This
makes control over the material microstruceudifficult and can lead to the introduction of defects if

the input process parameters are not monitored. A large body of work within the AM sector is focused
on thein-situmonitoring and autonomous correction of process parameters. Although reseattuis in

area is still in its relative infancy, it is not difficult to predict the use case of this work for the

manufacture of components with graded microstructures.

One example of a product in which AM could be used to create site specific microstruahdes
mechanical properties, leading to increased component efficiency and functionality is in gas turbine
engines. Through various stages of compression, a high pressure gas is produced which is ignited with
fuel before the combustion gasses are passed ugtoseveral turbine stages. The rotation of the
turbine produces work, some of which is used to spin the compressor, and the remaining portion is

used to either generate energy or, in the more commonly known use of a gas turbine, produce thrust.

Both the ompressor and turbine contain rows of stationary and rotating blades. The rotating blades

found in the turbine section in particular are continuously exposed to high stresses at elevated

It 1



temperatures in highly oxidative and corrosive conditions. The biadeade up of two very distinct
sections, the airfoil, which experiences the hot gasses, and the blade hub, which slots in to the turbine
disc (and rotating engine shaft) by means of a fir tree shape in order to hold it in place. It is clear here
that the airfoil experiences directional loads at high temperatures, meaning it requires high directional
strength as well as low thermal expansion coefficients and low creep rates. At the same time, the
blade hub requires a different set of mechanical propertldgh isotropic strength and toughness,
particularly as fretting and fatigue can significantly limit the life of the fir tree root. Notionally, these
properties can be obtained via the engineering of a fine, equiaxed metallic microstructure whilst the
former properties, required in the airfoil, require larger and more elongated grains. In theory, these
microstructures are a result of the solidification conditions imposed on the molten material; an aspect

that is highly tailorable in metal AM.

This is only arexample of a simple component that demonstrates the need for conflicting
microstructures. In general, industry can benefit substantially from microstructure control, helping to
both improve component performance as well as reduce the number of functioatdrials utilised,

therefore also improving recycling potential.

1.2 Aims and Objectives
The overriding aim of this thesis is to demonstrate the ability to producespiéeific microstructural
control and mechanical performance using AM. This then provilesbiase to introduce these
processes in the design of specific components within a gas turbine, allowing thevabheng

requirement for enhanced functionality and performance to be achieved.
The highlevel objectives that need to be fulfilled to achiethés are:

9 Identify a set of process parameters that will enable fully dense samples to be built in Inconel
718 using an Aconity Mini LPBF machine.

1 Identify the sensitivity of each of the LPBF process parameters in terms of the density
distribution, grairmorphology and residual stress levels within each printed sample.

1 Investigate and analyse a method of tuning the microstructure of a part using AM.

1 Analyse the relative effects on mechanical properties for each designed microstructure.

1t 2



1.3 Thesis Structure

In order to achieve the outlined objectives, several chapters of work have been produced. Chapter 2
contains a literature reviewn to metal additive manufacturing. More specifically, laser powder bed
fusion. It covers topics such as the build processtrotiable parameters, common defects that may

be generated, methods of controlling the process and the printing of Inconel 718.

Chapter 3 contains the general materials and methods used throughout all the experimental chapters.

Any experimental details thiare unique to a given chapter have been outlined within those.

Chapter 4 is the first experimental chapter and contains experimental data on the selection process
of a useable set of AM process parameters for all builds in this thesis. The sensithatyAd process

has also been tested as part of this work.

Chapter 5 details the initial conceptual design of a new method of control in AM systems. This system
is different to many control systems published in the literature. Along with this, the measure

pyrometry intensity distribution of a set of initial experimental builds have been discussed.

Chapter 6 covers the work performed to explore a new technique of generating different
microstructures within a single part in LPBF. This chapter containg@ Valume of EBSD data
showing differences in grain size, sgitain misorientation, and twin structures between each

microstructure produced.

Chapter 7 analyses the precipitate structures of each microstructure introduced in Chapter 6. This
information isused to inform and explain the similarities in hardness attained for each microstructure.
This chapter uses SEM, EDS and TEM analysis to identify differentiating characteristics for each

sample.

Chapter 8 details both the tensile mechanical performanag @idation performance of the various

different grain structures produced in the previous chapter.

Chapter 9 contains the final conclusions and remarks about the thesis and how this work fits in with
the wider body of AM research. A number r@icommendations for further work have also been

proposed.
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2 Literature Review

2.1 AdditiveManufacturing

Additive manufacturindAM) enables whole thredimensional parts to be manufactured in a single
processing step. This is achieved by manufacturing thepooent layer by layer based on information
provided by computer aided desig8AD data that has been sliced in to thin laygty [2]. There are
several diférent types of AM, all of which differ in their material processing capabilities. Asesaath,
comeswith their own specific advantages and limitatid$ The variety of AM technologies available

has made it possible to produce complex parts using a range of different materials such as metals,

polymers and ceramics, and with significantly vaests.

Fused Deposition Modelling, which operates by extruding softened plastic into a predefined shape, is
likely the most welknown AM technolgy.Metal AM is a more complex process due to the elevated
temperatures that need to be reached in orderrtwlt the metal[4]. Therefore, the fundamentals of

the process differ vastljd]. However, with this additional complexity also comes increased potential
functionality. This thesis will focus on achieving an increased level of functionality from thédeset

powder bed fusion (LPBF) metal AM process

2.1.1 Advantages oAdditiveManufactuingfor Industry
AM has often been described as a disruptive technology due to the large number of impactful

advantages it can provide. These include:

E ]

Ability to manufacture parts on site when required, reducing storage requirenjBpts].

1 Producing less material wastiean machining methoddue to powder reusgs].

1 Reduction of tooling requirements and associated casksh as those required for casting
and machining5].

1 Enablindhigh levels oflesign flexibilitythin walls, internal channels and overhang structures)
which subsequently allows more complex and efficient geometries to be manufadftired

1 Enabling multi part components to be manufacturgdasingle unit reducing weight as well
as reducing losses to cost and time associated with assembly operfgjons

1 Potential for ketter component efficiency through the production plrts with spatially

distinct mechanicgbropertiesand alloy compositiongt], [9].

Many companies, including General Electric dmiaand Airbus, already boast their AM capabilities
in components such as fuel injectors for gas turbine engines, and antenna mounting brackets on

satellites. Both AM parts have led to reduced assembly times and [8)sfs0]g[12].
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2.1.2 Understanding the Limitations of Additive Manufacturing

Whilst the benefits of metal AM are impressiveis a relatively difficult procss to implement as a
guality controlled manufacturing proces$his is because the process is associated with a lot of
controllable parameterssuch as the more commonly known laser speed or power, and less commonly
known, inert gas flow rate or atmosphempressurd13]. if any of the controllable paramets are sub
optimal, defects are easily introduced to the part. These are usually impossible to detect from the

outside of the part, necessitating costly and time consumingaestructive evaluation.

Additionally,most parts are produced usiraysingle s& @ #mutiprinting parameters These are
determinedusing time consuming design of experiments (DOE) based on dissimilar geometries to the
final part.As changes in component geometry affect the local cooling ratisspossible thatinknown
variations in microstructure and defect populations daproduced across a complex geometry, or
during the scale up from test piece to final component. This has the potential to spatially alter the
mechanical properties of a component in a randaanner As every differeninaterial or alloyalso

has differentthermophysical propertiesa different set of process parameters is required for each

new material printed2], [14].

These issuesake thequalification of AM parts for safety critical industrjesich as the aerospace
industry, challengingThe resolution of these issues is currently the focus of metallic AM research. In

general, the research is divided in to the following sections:

1 Thedevelopment of monitoring and sensing capabilities to detect defasta component is
manufactured.

1 Thedevelopment of control algorithms that can predict the formation of a defect, and-auto
correctthe process parameters, in order to prevent this frontweing.

9 Further developing the link between the input process parameters, component geometry, and

post process treatments, on the mechanical performance of the material or component.

The work in this thesis sits at the intersection between the first astbbullet points. It will focus on

the link between input process parameters and the resulting microstructures and mechanical
properties, making use of material post processing and pyrometry intensity data collected during the
build process. All of the wk culminates to the manufacture of functionally graded and mmlidal

microstructures using methods not possible without AM.
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2.2 Laser Powder Bed Fusion

2.2.1 The Laser Powder Bed Fusion Process

In laser powder bed fusion, a laser source is used to melt a thén &£ metal powder (typically 30

50um thick[15]) in a predefined shape corresponding to a 2D slice of a 3D component. Partial
remelting of the previous layer ensures adequate fusion between layers which minidefats in

the component. Once a layer has been scanned, the build plate drops by the height of a single layer,
a new layer of powder is deposited in the build chamber using a wiper blade, and the process repeats
until the full part has been producdd]. Once completegthe partis removed fom the chamber and

the surrounding powder isleaned awayThis is collected and recyclimt successive build46]. The

last operation is the removal of the part fromefbaseplate, which is usually performed using wire

electro discharge machining (EDM).

The laser usually has a wavelength in the order of 1080nm, and a power of 186000W, but this
depends on the machine uséi3]. In order to scan the required 2D shape, galvanometers are used
to direct the laser to the required position on the baseplate. The whole process operates under an
inert atmosphere to prevent oxidation of the materfal, [15]. A schematic othe process is shown

in Figure 1

During lasing, the powder particles on the surface layer both absorb and reflect the laser deeper into
the bed. This causes thermal energy to be imparted to the local area, maltitlge matrial to a
givendepth under the surface. As the laser is continuously moving during this process, the molten
region also moves across the surface of the powder bed, solidifying quickly when the laser has moved
to a different position. Because of this, theelt pool is very small and usually takes the form of a
teardrop, with a width of approximately #800um, and a depth of about %0n. This is highly
dependent on the laser parameters and machine utilised, and both larger and smaller melt pools are
common. The melt pool is immediately surrounded by cooled, solid material. This leads to the

presence of large thermal gradients between the edges and centre of the melflpol
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Figurel: Schematic o PBFprocesg18]. During abuild, the XY scanner changes the position of the laser
beam on the surface of the powder bed, melting the powder. After a layer has been scanned, the build plate
moves down by a distance set by the layer thickness, the powder delivery system moves dps® a
specific amount of powder, and the roller moves the dosed powder on to the powder bed. Any excess
powder is rolled in to the overflow container. This process repeats until the part is completed. Reproduced
with permission.

As well as the large therah gradients present, the high scanning velocities of the laser induce high
cooling rates in the processed region. Although this is dependent on geometry, cooling rates of
approximately 10-10°K/s have been reportef7]. This leads to rapid solidification resulting in the
introduction of nonrequilibrium solidification effects such as regions of supersaturated solid solutions
separated by fine sub grain structur@g, [19]. As the previously solidified material acts as a heat sink,
AM solidification structures grow in the build direction, and are therefore highly anisotrBpich
region then undergoes further thermal cycling within the space of secoodsnillisecondsas
subsequent layerare printed As such, the microstructures obtained by LPBF are distinctive, and vary
greatly from those obtained in the same material when processed irertraditional manner such as

casting and forging.

2.2.2 Controllable Parameters in the LPBF Build
Although there are many controllable parameters in LBBHletailed iff13], the main parameters
typically discussed in LPBF are the laser power, beam diameter, laser scan velocity, hatch spacing and

layer thicknes$2], [13], [20], [21] Some of these areghown schematically in Figure 2
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Figure2: Main controllable procesparameters in a LPBF AM build.

The laser power (P) is measured in watts and so is defined by the amount of energy provided to the
powder bed per second. The laser beam diameter can be altered by moving the laser focal point
relative to the laser. Dependingn the machine used, the laser profile is usually either Gaussian or

top hat in shape.

The laser scan velocity (V) is measured in mm/s and determines how quickly the laser is passed over
the powder bed. This determines the amount of energy that is dedivép each voxel in the part. The

laser scanning pattern used to melt each layer can be varied, however a back and forth raster scan is
most common. Usually, the initial direction of the laser is rotated between each layer in order to

achieve more homogermis heating throughout the whole part cross section.

The hatch spacing (h) is measured in micrometres and determines the distance between neighbouring
laser scan passes. At small distances, there may be excessive heapluilthe material, and at large

distances, the melt pool boundaries may not overlap, leading to unmelted powder.

The layer thickness (l) is usually determined by the powder size range in order to maximise powder
utilisation. When using a range of #5em, it is commorio set a layer thikness of 3®m. Physically,

this is the distance that the build plate moves downwards between each layer. This parameter can be
altered as desired as long as the laser is able to melt the previously solidified material to form a strong

bond between each iger.

Gontrol of the size andhape of the melt poadk one of the most important aspects of the process
This is because the melt pool characteristics are determined by the local thermal conditions. If these
can be kept constant so can the solidificatioehbviour, and subsequent mechanical properties, in
the printed componenf22]. This is achieved by implementing optimised printing process parameters

for the machine, component geometry, and material used.
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2.2.3 Additive Manufacturing Printability Maps
Due to the large amount of controllable parameters, a need was identified across the research society
to unify and understand the effects of different combinations of these parameters on crucial aspects

of the material.

For simplistic geometries, succagdsprocess parameters are typically described in terms of their
collective energy density, however one standard method of calculating this is not available. Table 1
provides an overview of the different methods of calculating the energy densities usedtkein t
literature. By altering the applied energy density and relating these to the quality of the built part,
conclusions can be drawn as to what energy density value should be used to manufacture a

component.

Tablel: Different methads of calculating the energy density imposed on the material during LPBF

Description of energy density equation Equation

Volumetric energy density (Jfinbased on lase 0 .
w00 mh 0Mi Q

13 ‘O
spot area[23] (or beam diametef24])

Volumetric energy density (J/minbased on

0
laser beam diameter and powder bed layer W00 —————
U WO wa
thicknesq25]
Volumetric energy density (J/minbased on .
hatch distance and powder bed layer thickne w00 S U —
W W Qa
[26]c[28]
Linear energy density (J/mrf96], [29Kk[31] 500 0
W
Normalised equivalent energlensity[32] . n 0n

. p
© 0 d"Q cL‘)"@a’é YOy

Printability maps are a way to display the limits ofcssful operation for a given material in terms
of the applied energy density. These can then be used to compare the processing space for different
materials[14], [32k[34].

Thomaset al.[32] produced a modification of a process map initially created for continuous$aSer
weldingfor electron beam powder bed fusidia4]. Usingdimensionless parameters, they proposed
that the minimum energy per unit volume required to raise the temperature of a powder bed to the

melting point per scan line is given®y ° (Equation 1)In order to account for the hatch spacing in

the analysis, the dimensionless hatch spac@dEquation 2)was also definedThe product of- and
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‘0 ° gives the normalised equivalent energy dens@ly, (Equation 3)Higher values 00 * indicate

higher levels of heat input, with the possibility of causing part swellingraratlucing keyholelefects

[32]. Lower levels 0D “ lead to lack of fusion porosityue to insufficient heat inpu32]. Theprocess

map is shown in Figure @nd will be used extensively in Chapter 4.

WD;-

Where;

n* - dimensionless laser power
0* - dimensionless laser velocity
& - dimensionless layehickness
"G - dimensionless hatch spacing
i ¢ beam radius at focal point

A surface absorptivity

"Y ¢ initial temperature of the material

A =a
oA om arcdo 1

Equation 1

| 1
s

Equation2

z

A

= A
S P

Equation3

ozir

N ¢ laser power

0 ¢ laser velocity

ag layer thickness

"Q hatch spacing

" ¢ material density

0 ¢ specific heat capacity

“Y ¢ melting temperature of the material
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Figure3: Alloy printability map for electron beam powder bed fusion showing the printability space for
different materials[32]. (Pe'mission not required for reproduction)

2.2.4 Defects in LPBF

Although process maps can provide assistance in selecting processeparsnthey do not take
geometry in to account and as such can only be used as a guide. The speed and turbulence associated
with the melting process, as well as the complexity of heat dissipation through different geometries,
make defects such as porositgracking, surface roughness and residual stress common in AM
components.All defects causthe material to weaken and abey are largely stochastic in nature,

they often lead to unpredictable mechanical propertié¢hile postprocessing stages like habistatic

pressing (HIP) or machining can be used to improve component quhigynay not be possible for

all unique or complex parts.

2.2.4.1 Porosity

Porosity can be introduced into a part due to several different meansyiect processing parameters
[35], changes in heat dissipation within specific build regions (e.g. inclined suf28¢es changes in
geometry[22]), or by the feedstockowder[36]. The three main types of porosity observed in LPBF

builds are gas porosity, keyhole porosityack of fusion porosityThese are shown in Figure 4
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Figure4: Examples of different types of porosity in Inconel 718.

Gas Porosity
As the powder utilised in LPBF is usually manufactured by gas atomisation, it is common for gas pores
to be present within individual powder particles. Thereforas gorosity is usually caused by the
releaseof thesegas bubblesvhen the powder melts. Ggmrosity can also be caused when ihert
gas from the surrounding build chambisrtrapped by splashing melt pool flowsiring processing
[36]. Due to the turbulent nature of the process, and the rapid solidification, these bubbles can
become trapped within the meltgnl [37]. Once present, theelease of the gas bubble is dependent
on the resulting effects of the speed of solidification, the melt pool convection and Marangoni forces,
and the buoyancy forces acting on the bubble. Gas pores are typically smaplaritaland can be
observed een when lasing with optimum processing parameters. The position of these defects in the

material is also unpredictable.

KeyholéPorosity
While the presence of gas porosity is relatively random in nature, keyhole porosity is caused by a local
excess of inpt energy. The porosity can occur over a range of different sizes, and is commonly
observed to be generally spherical in shape when analysed by 2D optical analysis. Howayer, x
tomography by Kasperoviaht al. [33] exposed that some keyhole pores can sometimes also have
sharp internal edges that resembl@ples. In some cases, keyhole porosity can also take a more

elongated shape, making it more difficult to distinguish it from lack of fusion porosity.

Upon an excessive energy input, usually caused by an excessive laser power, slow laser velocity or
smallhatch spacing, the molten material can vaporise. The expansion of the vaporispdsies

away the le@al molten material and creates deep cavity in the bottom of the melt pof#7], [38]

This allows the laser to reflect downward along the melt pool wal&bling it to penetrate deeper

into the previously procesedmaterial below A schematic of this is shown ilglre 5 The intensity
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of the process can caudigquid on the top of the melt pool to béorcedinto the air. These can then

land on the previously solidified melt track, producing spatter defg1§ [39], [40]

Turbulence within the melt pool can act tap any gas bubbles formed during vaporisation making it
difficult for them to escape prior to solidification. The keyhole pore is formed by the subsequent and
sudden collapse of the molten material once the laser has passed. Fast solidification thethisaps

larger pore within he material as shown in Figurd4l], [42]

———— laser continuously
moves along scan line

Vaporised material
producing vapour
recoil effect

Spatter
Particles

J

Ejected
Particles

S

\‘ ] o
w Unmelted
r'e Powder
Previously solidified layers

Material Keyhole Keyhole Pore
Vaporisation Formation Formation

A3uau3 uaseq
ABlaug uaseq
A8Jau3 Jase

Melt Pool

Keyhole Pore

Figure5: Schematic showing the process of keyhole formation. Under the application of excess energy input,
the material may boil, producing a vapour bubble. The expansion of this bubble exerts pressure on the
molten fluid, pushing it away and allowing the laser to penetrate deeper in to the material. As the laser

moves on, the keyhole collapses, trapping thapour bubble.

Lack of Fusion Porosity
Lack of fusion (LOF) porosityproduced when an insufficient amount of energy is delivered to the
melt pool as a result of a low laser power, or a high scanning velocity, hatch spacing or layer thickness.
Attenuation of the laser by the plasma plume that forms above the melt pool is also possible if the

flow of protective gas travelling over the build surface is too low. This can cause LOF to occur even if

the laser parameters are optimis¢4i3].

LOF porosity is characterised by large, sometimes interconnected, and irregularly shaped, pores at the
interface between adjacent layers or hatchH@8], [44] These defects also often contain unmelted
powder particleg45]. Several different effects can occur as a result of the low applied energy. Firstly,

a small, cooler, melt track is produced which exhibightiurface tension. This reduces the wettability

of the molten region over the previously deposited layer leading to the introduction of open space
between melt tracks. Secondly, LOF can be produced if the energy is not sufficient to penetrate the

full height of the powder layer. Lastly, if the deposition of an even thickness of powder is impeded by
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things such as spatter particlg#5], this can lead to regions whereby the layer is too thick for the laser

to sufficiently mel the material, producing an uneven melt track.

Reducing Part Defects through Hot Isostatic Pressing
Generally, keyhole and LOF porosity can be eliminated by selecting appropriate AM process
parameters for the material and geometry to be printed. Howewasrgas porosity can be caused by
porosity in the powder feedstock, or by entrapment of the surrounding process gas, it may not be

possible to eliminate all of these through process parameter optimisation.

Instead, it is common to apply a hot isostatiess (HIP) cycle. This form of post processing applies an
elevated temperature and an isostatic pressure simultaneoéséchemat of a HIP is shown in Figure

6. The increased temperature reduces the yield stress of the material whilst the gas pressised
plastic deformationsquashinghe pore. Subsequent atomic diffusion leads to the elimination of the
previous boundary47]. In some cases, the trapped gas diffuses into the material lattice, however this
is dependent on the type of thgas. The plastic flow is aided by creep processes such as Nabarro

Herring creep, Coble creep, as well as dislocation disgip

Inert gas inlet Pressure vessel

Thermal insulation Heating elements

Application of heat
and pressure

Figure6: Schematic of a HIPA9].

There are a few limitations of the process; Tillmaatral. [50] have found that when the gas is not
able to be dissolved in to the lattice, the pressure due tpagsion of the gas under elevated
temperature can in some cases countertict pressure induced by the HIP process meaning the pore
will only shrink to the point at which the internal pore pressure equals the pressure due to HIP.
Additionally, ifthe pore is connected to the surface of the componetiiie gas providing the isostatic
pressurewill infiltrate it, causing pressure equalisatitnetween the poreinterior and component

exterior. This prevents the necessary plastic deformatiom occurring48], [51k[54].
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The reduction bgas porosity to below the resolution of high resolutieray computed tomography

0/ ¢ 0 dasmehigwed in two studigsl], 55K | aAy 3 | NBaA2f detidl. B9 2F y >
reported on a post HIP porosity of only 0.0019%. The reduction of Keyhole porosity (example, 0.298%

to 0.0007%) and LOF paity (example, 0.351% to 0.0039%) has also been shown possible[BgHIP

[56], as has the ensification of encapsulated powder up to 2mm in diamgt&t], [57] Although

precision to this amount of decimalaces is unrealistic, it shows how little residual porosity can

remain in the material after HIP.

HIP heat treatments are commonly followed by solution and aging heat treatnrentsler to enable
precipitation strengthened alloys to reach their requiretechanical properties. As gas porosity
typically containgrgontrapped from the LPBF procesgich does not dissolve in to the metal matrix,
the application of heat after HIP has been shown to cause porosiiyawth [51], [55] However, if
subsequent heatreatments are performed under isostatic pressure, regrowth can be red{E£&d
Although several papersalie been written on the HIP process, it is difficult to ascertain under which

conditions the trapped gas diffuses into the lattice or remains present in a single, compressed pore.
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2.2.4.2 SurfaceRoughness

The LPBF process produces parts with a higher surtagghness than if the components were
machined. This roughnegzroduces regions of elevatedtiress under loading leading to crack
nucleation sites which significantly affect th@echanical propertiesf the material particularly in

terms of fatigue resisnce [23]. Additionally, for components that require assembly joining
operations, a tolerance exists on the maximum acceptable surface roughness. This is usually less than
that of an asbuilt AM componentTherefore machining of theAM surface isisuallyrequired Several

effects that increase the roughness of LPBF samples are presented below.

Swelling or Overbuilding
Overbuilding is observed by an increase in part height from the surface of the powder bed during
printing. This may daage the wiper which prevents an even layer of powder from being deposited
for future layers. The increase in part height also brings the component surface out of the laser focus
region meaning less power is available to melt the subsequent layer. Themleaa of swelling have
not been studied extensively in the literature, however from personal experience swelling can be
caused by the presence of any of the following; keyhole or LOF defects at tiseirgabe of the part
or delamination in prior layers.riating with parameters that cause keyhole or LOF defects cause
instabilities in the melt pool which, along with delamination, causes the surface of the part to increase

in roughness. This effect amplifies over a number of layers.

Stair Step Effect
The sair step effect is associated with surfaces built at an angle betweddx @om the build plate.
It is caused by limitations in the resolution of the laser movement and layer height. As such, it is
difficult for the laser to fill positions on an inclinetirface in an analogue manngr9]. As build
productivity is directly associated with the layer height, a tradfeexists between this and the surface

roughness.

Edge Effects
Edge effects manifest as an increase in the height of the solidified material at the eddgyef and
are believed to be caused by a range of different mechanisms. As the thermal conductivity of the
powder bed is lower than that of the solid part, less heat can be dissipated during the first scan line of
a new layer. This creates a larger mettol. Upon solidification of the next melt track, heat can
dissipate down into the previously deposited layer, or into the neighbouring solidified melt track,
producing a smaller melt pool. This effect creates a region of elevated material during theafals

of each layer which can propagate throughout the height of the Haig, [58]
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Edge effects can also be caused by the acceleration and dedatechthe laser at the start or end of
a hatch, or due to the scanning pattern utilised. Because of these effects, the laser spends more time
at these locations. Combined with the fact that the end of a hatch is surrounded by more powder

which has a lowethermal conductivity, a larger melt pool is produced in these regj22k

Edge Effects due to Powder Denudation
Edge effects can also be caused by powder denudation which is the clearance of powder from an area

surrounding the laser scan paff9]¢[61]. Therefore, while the initial scan line of a layer is able to
melt the maximum volume opowder available to it, the denudation zone means that the second

hatch is printed on a region with less powder, producing a smaller hatch.

The science behind powder denudation is complex and has been shown to be affected by several
aspects of the AM proas. These are, the surface tension and capillary forces that act at the interface
between the powder bed and the melt tra¢k0], [60] the argon pressure within the build chamber

and the interaction between this and the plasma plume that forms above the mel{$@pl[62] and

the interaction between the incident laser power and velocity with the plasma pligt The exat
mechanisms behind the formation of a denudation zone are not applicable to this literature review

however the referenced papers provide insight if interested.

Hatch rotation strategies are implemented to prevent this geometric inaccuracy from atwaysing
at the same position as this would cause the part to swell out of tolerance in that location. This could
result in potential damage to the wiper blafi&8] and lead to an uneven deposition of powder for the

subsequent layer.

Dross Formation on Overhang Structures

During the printing of an overhang, there is no solidified material directly under the top layer of
powder. Due to the random packing nature oétpowder bed, and the resulting fluctuation in thermal
conductivity through it, the stability of the melt pool in these regions is much 1§é&r Regions of
reduced conductivity lead to overheating of the melt pool, material vaporisation, recoil pressures, and
the resulting ability for the melt pool to sink deeper into the powder bed before sdlgjfyl his results

in the formation of dross, whereby the bottom face of overhang regions exhibit a higher surface
roughness than layers built directly on to previously solidified mat@®jl It follows from this that

the upper and lower faces of an inclined build show different levels of surface rougi23ss

SatelliteFormation
Satellite formation occurs when particles from the surrounding powder begartally moltenonto

the sides of the built component producing a rough outer surfa&
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Spatter Formation
Spatter is caused when molten matarthat is splashed out of the melt pool lands on other regions

of the printed part[37], [63] These particles are usuallgrger than the layer thickness and can
therefore impede the deposition of an even powder laj]. As this can occur at a random location
on the cross sedin of a part, it can lead to the propagation of LOF defects throughout the centre of

the part without these being visible on the surface of the component.

Balling
Balling iswhenthe melt track breaks up in to disconnected beads behind the laser scel[@4].

Similar to spatter, this can increage surface roughness of the layas well asffect thesubsequent

deposition of an even powaddayer, leading to LOF defedi&4].

The defectmanifestsdue to a variant of the PlateaRayleigh instability which causes ripplaghe
height of the melt track65]. A smaller melt pool produces a shorter ripple pattefhlower points in
the ripple, the melt temperature is cooler and has a consequently higher surface terigien.
Marangoni forces associated Wwithe differences in surface tension lead to the melt track to split up

into spherical ball$30], [37], [65]

At a specific power,raincrease in velocityproduces anarrower, elongatedmelt pool that is both

lower in temperature and hasmaller rippleg64], [65] Thisincreases the likelihood of balling. Balling

is also often observed where the laser energy cannot be conducted eatsilyhie bulk material such

as at overhangs or thin geometries. In this case the melt pool becomes longer which can also lead it

to separate into discrete drople{22], [66]

2.2.4.3 ResiduaStressandCracking

Residual Stress
Components produced by AM usually have high residual stresses which are formed by the localised
nature of the AM build proced67]¢[69]. Rapid heating of a small regicon the surface of a part
causegnaterial expansion. This iigstricted by the cooler material umtineath, and tensile stresses
are produced in the surrounding material. If this stress is above the local yield strength of the material,
it undergoes plastic deformation. When theaterial coolsit contracts producing tensile stressesyd
becomes restricted by theegions ofpreviouslyplastically deformed material belwo it. This causes
compressive stresses to form in the underlying H6IK]. As such, LPBF parts typically show tensile
stresses in th top and bottom few layers with a large region of compressive stress in the ¢éajre
The magnitude of these stresses in Inconel 718 can be on the order of GPa, and in line with the yield

strength of the materia]70]g[72].
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As well as impacting the mechanical properties dinesshed component, parts may warp or crack
during manufacturd1], [73]. Warping during a build can affect powder recoatiagablingdefect
propagation throughat the height of the componenand can also lead to components falling outside
required geometric tolerance values. Rotational scanning strat¢gdésreduction in hatching lengths
[69], reduction in layer thickness§g5], utilising heated baseplates to reduce thermal gradients in the
part [69], and performing post process heat treatmefif], haveall been shown to reduce residual

stressin AM builds.
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describes the maximum thermal strain in an AM part due to the heat input during processing.
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diffusivity of the material, and L is a characteristic length, in this example, the meltgmapth. H is

the heat input per unit length and is given by the ratio of laser power (q) to laser velocity (v).

The authors rationalise that as the heat input increases, so does the melt pool volume. The increased
shrinkage as compared to a smaller madbpproduces more distortion and hence as the heat input
increases, so does the strain. However, the increased distortion experienced by the part acts to reduce
the residual stressg35]. Therefore, by this theory, a higher heat input leads to a reduction in residual

stresses.

Cracking
A variety oftrackingmedhanismsare also common within AM build& large body of research focuses
on the ability to manufacture crack susceptible materials by AM. However, in order to explore the
potential for microstructural control in this thesis, a crack resistant alloy wasen, and so an in

depth analysis of cracking mechanisms will not be discussed here.
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2.2.5 In Process Monitoring Methods for LPBF

Whilst the AM process is highly complex, it is fairly simple to produce dense simple shapes with a set
combination of process pameters. However, real components have intricate cross sectional
geometries which, when processed using static process parameters, result in spatially varying thermal
conditions. This leads to local variations in material microstructure and defect pamsatiithin a

part. Without the use of ifprocess monitoring methods and techniques that allow process parameter
control or variation during a build, the exact locations of these material property differences can only
be identified using destructive testin@his is costlyand for a process that prides itself on complete

geometric flexibility, it is an issue that requires resolving.

The presence of defects within a material or the formation of these during the LPBF process cause
local variationsinthemeltJ2 2t 0 SKIF @A 2dz2NJ I yR adGlkoAf AG& RdzNRARy3
{ A 3y I [G3fza18 ByDnonitoring these, more detailed information on the quality of AM parts can

be recorded[13], [76][77]. These process signatures can then be used to determine optimised
parameters for different geontees as well as implement satbrrecting control strategies that are

capable of altering the process parametersitu.
The main processignatures, shown in Figureafe[13]:

1 Reflected and/or scattered light from the lagég].

1 Radiation of thermal energy from the melt pool at a specific wavelength; usually
corresponding to the melt temperatuig8].

9 Emission of radiation fronthe plasma plume generated around the laser due to the

vaporisation of metal and ionisation of the inert gas in the build charfitg&r
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Figure7: Process Signatures observed in LPBBdified from [13] (Permission for modification not
required).

These process signatures are typically monitored either @wiith the laser optics, which allows the
melt pool to be followed during lasing, or from a set distance away from the build area, allowing the
whole build region to be monitorefiL3]. The sensors utilised are typically divided in to spatially
integrated, where the measured signal is summed to a single\{pigrometer), or spatially resolved,
whereby a map of different light intensities can be visualised over a field of view (caft8ia)
Spatially resolved sensors provide a higher level of information than spatially integrated sensors,

however, they generate a very large amount of data which is diffioyttrdcess quickly.

2.2.5.1 Methods of Monitoring of Process Signatures
This section will focus on the various methods of detecting process instabilities. Good review papers
have been published on this todit3], [15], [79], [80fnd only a limited review relevant to this work

is presented herein.

Pyrometry and Optical Cameras
Both pyrometers and optical cameras allow for high frequency-cmntact data collection of the
thermal radiation from the surface of a materfd!3], [80] They transform the light emitted off the
surface of the melt pool to a voltage signal which is proportional to the relative temperature of the
melt pool [81]. Out of all the sensing methods, the use of pyebens, photodiodes, and optical

cameras is the most popular in research studies.

Measuremenbf Lightand HeaRadiated from the Melt Pool
Both theintensity and wavelength of theadiationemitted from an objecindicate the temperature
of it. A black boy is a perfect emitter and absorber of radiation, whilst real objects both radiate and

reflect thermal radiation. The radiative performance of real objects is usually given by their emissivity,
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which is the radiative performance of that object compare@tolack body. Emissivity varies between

0 and 1, where 1 is the value given to a black body.

When a sensor detects the radiation coming from an object, it is detecting both radiated and reflected
light. In order to determine the amount of radiation direcgmitted from the object, the emissivity
needs to be known. However, the emissivity of an object changes with material, temperature, material
state, and surface finish, and therefore it is very difficult to estimate the emissivity of the melt pool
duringAM [82].

This means that it idifficult to report results obtained from pyrometry and optical cameraggs in

terms of absolutanelt pool temperature valueOne method to overcome this i1s8 is to measure

the intensity of the emitted radiation at two different, but similar, wavelengths. By taking the ratio of
intensities, using an equatiodetailed by Hooper irf82], it is possite to calculate the absolute
temperature[82]. This setup requires double the expense in terms of sensor technology and so the
YI22NA(G& 2F NBASFNOKSNE LINGBSAS yAly ((SK/SAAAND 8NISZF dizf diaSa  dxay?
[81], [83], [84]

Melt Pool Morphology and Temperature Measurements
Since the early 2000s, the team at KU Leuven have been developing tistitgseapabilities on a self
built LPBF machin@3]. Their setp, shown in Figure,8ncludes two sensors mounted coaxially with

the laser; a high speed, near infired CMOS camera, and a silicon photodi{i3.

This setup was used to analyse how different factors such as neigh@ean tracks, overhangs, and
acute corners, affected the melt pool area, length and width, and therefore the build g3ty
Figure shows how the length of the melt pool increases during the lasing of an overhang. Balling due
to the increasd length to width ratio of the melt pool was found to be the reason for increased
roughness at the underside of an overhang regj@@]. By comparing the spatially integrated
photodiode output with a predetermined set point value, and through theafseefeedback loop with

a proportionatintegrative controller, the laser power was adjustéwsitu to reduce the dross
formation on the underside of an overhang struct(i8&]¢[87]. The setup was latertiegrated with a

data processing algorithm that allows the whole build area to be mapped and analysed. This allowed
the position of pores in the built part to be visually identifil88] as well as providing a map of

overheated regions during the lasing of overha[&s8.
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Figure8: Sensing setup utilised at KU Leuvirb], [88] Reproduced with permissiofrom both sources

Figure9: Melt pool images taken a)powder layer supported by solid material, b) powder layer at an
overhang (not supported by solid materia[R2]. Reproduced with permission.

A lot of similar studies were conducted by other groups to analyse the melt pool temperature values
[81], [89] observe spatter evolution during lasif@p], [91] infer defect population$92], [93] and
understand the warping and generation of edge effects in built Jéa$ [94] Hooper[82] was able
to image the melt pool shape and actual temperature distribution by recording thi¢te light at

two different wavelengths as shown in Figure. 10

Data analysis using physics based, statistical, and machine learning methods has also been explored
in order to detect or predict anomalies such as intentionally placed defects, or redionsmeating

at overhang structure§92], [93], [95], [96] In one case, a correlation betweenfeet volume and
material elongation was identifief©2]. One interesting use ah-situ collected pyrometry data
proposed a closetbop control system on a directed energy deposition AM machine which did not
alter laser power or velocity, but instead altered the hatch deposition order in order to prevent the
deposition of hatches at a locati when the temperature was still above a set pd®if]. This led to

the production of a more uniform microstructure and hardneserahe printed component.
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Interestingly, in one report when a predicted defect population was comparedray xxomputed
tomography (XCT) data, a large number of false positives were identified. The authors attribute this
G2 RSTSOGa OKIubsequénNEer HedSitiohsSardXthede®re @ longer visible in the
CT scafP3]. This is an important consideration, especially when predicting the presence of defects in

a mateial that has been manufactured in an overlapping layese nature.
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FigurelO: Temperature of melt pool surface during a single laser pulse of a hatch scan (using a pulsed laser).
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Interferometry
Interferometers can be used in LPBF to measure the variation in height ofitfszes of a part or
powder bed by analysing the interference between two light signals that have originated from a single
source and split using a beam splitter. One of the beams is reflected using the laser optics to the focal
plane of the build, while om beam is used as a reference. The light reflected off the sample is
compared to the reference light signal. Any differences between the distance travelled by the first
beam and the reference beam causes constructive or destructive interference. Thisatitor can
be translated to an electrical signal and provides information on the height of the build or powder bed
at different locations which is not possible using optical cameras or devices capable of thermal

measuremen{63], [98][100].
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Figure 11showsthat the electrical signal derived from the interference between the two light beams
allows the height of a region on the built surface to be visualised. The intensity of the reflected beam
also provides information on the physical state of the materiéthat position. This is because powder
does not effectively reflect light, whilst molten metal does, producing a difference in the intensity of
the reflected light. The powder bed is shown by the low intensity region at beam positions between
0-350>m. Thelower height, but high intensity, region at ~45@ shows the denudation zone next to

the melt pool. This has a high intensity due to reflection of the light off the solidified metal revealed
by the denudated powder. Between 483@00>m, the imaged materials molten. The interface
between the molten and solid material is given by the reduction in intensity at beam imaging position
~1000um[99]. In this example, the loss of signal at the inclined edgeduago balling. Kanket al.

[99] showed the applicability to correlate melt pool stability to that of the solid track, but no closed

loop feedback system has been identified for this method.
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Figurell: Height map produced as imaging beam is scanned in the opposite direction from the laser scan
head; from ahead of the melt track (in the powder bed), through the denudation zone, melt pool, and
further through the solidifed melt track. Both the phase and intensity of the backscattered light provide
valuable information to determine the surface morphology of the melt tra§®9]. Reproduced with
permission.
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Optical Ensisions Spectroscopy
Due to the high power energy input in AM, it is common to vaporise material in the melt pool,
producing a gas plume that contains a mixture of electrons and meta[i04$, [102] Absorption of
laser energy by an electron in an ionised metal atom enables it to move to a higher energy orbit in the
metal atom. The subsequent movement of the electron back to a lower energy orbit results in the
emission of a photon. The wavelengthtbis photon is given by the difference in energy between the
two electron orbitals. By designing a filter capable of collecting only photons of a given wavelength,
the amount of ionised material corresponding to a specific element can be captured. Frthehi
temperature of the material being processed can be inferred. This technique has been used in
combination with complex algorithms to understand the location and number of pores in a built part
[101], [103] Like pyrometry and optical cameras, this method has the potential for closgdcontrol

due to the relative simplicity of the setup.

Summary
The hardware capabilities for all of these sensing technolaieseadily available, and have been
shown to be capable of detecting process instabilities during a LPBF build. This also means that they

may be helpful in the production of components with functionally graded microstructures.

Although some studies repbon the use of advanced methods of feature extraction from the

collected data as well as machine learning algorithms to predict the location and quantity of defects,

GKS YlIez2NAGe 2F LI LISNBE Llzf A&KSR &2 sihdtamiitiesy £ &  LIN,
using the different sensors. The majority also do not present a method of utilising thup $et closed

loop control. It is clear that while process monitoring systems exist, the current gap in the knowledge

is finding methods to extradhformation from the large data sets quickly enough to allowifesitu

corrections to take place.

In addition to this, it is clear from the literature that in general, the long term aims of the use of these
monitoring capabilities is to enable closedlido O2 Yy i NP f gKSNBo6e& Fy | f3I2NAGK
and alters the input parameters on the fly in order to correct these. However, there is currently an
insufficient amount of information available about how the process parameters affect the material
structure and so only an estimate of the correct parameters can be made focaedfction. In

addition to this, allowing an algorithm to alter process parameters may result in otherwise identical
positions on identical parts being produced with differem¢dr parameters. In an industrial setting

these issues make qualification of parts produced using clsmul systems very difficult. It would

perhaps be smarter to work towards a solution which does not rely ethesily parameter selection,

but insteadfocuses on the offine combination of monitored signals and physics based calculations in
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order to produce a set build file that is capable of ensuring minimal defect populations are formed.
Repetition of the same build file would then allow for identigabmetries to be printed with identical

process parameters.
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2.3 Superalloys and Inconel 718

Superalloys, initially derived from stainless steels, are a class of nickel, cobalt-bageuh metals
which have high creep, fatigue and oxidation resistanceeatperatures higher than 60% of their
melting points, and often utilise strengthening superlattice precipitates to achieve a remarkable
combination of mechanical propertig404]. It is the nickel based superalloys which are now primarily
used in the turbine sections of gas turbine engines in order to enable ever increasing engine
efficiencieq104], [105]

Inconel 718is one of the most common superalloys used in indugtt96]. While some nickel
superalloys with higher weight percentage of Al or Ti are susceptible to strain age cracking during
welding, therelativelylow fractions of precipitating phases as well as st@wv precipitatbn kinetics

of its strengthening phases, leattsgood weldability{105], [107], [L08] As such, the material is used

in many critical components such jas engines, nuclear reactors anocket engine$109].

However,the advantageous mechanical properties of Inconel 718erthkm difficult to process by

machining as this leads to high tool wear rates. Additionally, due to the large amount of alloying
elements present in the material, it undergoes a high level of elemental segregation whenhesss.
factorsprovide a casedfr the use ofAM in the production oomponents manufactured from Inconel

718LY RRAGAZ2Y (G2 (GKAAaX RdzS G2 Ada KAIK oSt RIFOAT

material and so is often used in additive manufacturing resefro8].

2.3.1 Microstructure of Conventionally Manufactured Inconel 718

Inconel 718&as the followingnhominalcompositon; 5055%wt of Ni, 1721%wt of Cr, 4.75.5%wt of
Nband Ta2.83.3%wt of Mo, 0.651.15wt% of Ti, 1wt% of Co, 8028wt% of Aland balanced with Fe
[110]. The maximum proportions of other elements are as follows; 0.35wt% of Mn, 0.35wt% of Si,
0.3wt% Cu, 0.08wt% of C, 0.015wt% P, 0.015e#t% and 0.006wt% of Bor¢il0].

The alloyis primarily made up ofan FCCo (austenite}phase matrixwhich is solid solution
strengthened by Cr, Co, Fe, Mo, and[T@/]. Cr and Al also enable a stable oxide film to form over

the metal, providing the material with good oxidation resistance.

The o-matrix contains a wide range of precipitates. Degéng on the type, these precipitates can
either increase or reduce material strength, and careful heat treatment and aging schedules are

required to achieve the optimum microstructure.

The main strengthening phases Inconel 718re the coherent~CCy and the metastable BC3Q Q
phases, with the latter being the more dominant strengthening phasedonel 718[111]¢[113]. The

o(precipitates have a chemical formulaMigX, where X can either be Al, Ti, or Nb whilstifgbase
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always has thehemical formula, NNb. Theformation of either theoCor 0Qdepends on the ratio of

Al and Nb present in the allg¥13]. Inconel 718 has a defined wt% of these elements, which allows it

to precipitate mostlyoQgecipitates (~20%, compared to ~3> RSLISYRAyYy 3 2y GKS K

chosen)111]¢[113]. A modification of Inconel Blsuch as Allvac 718Plus contains a higher wt% of Al,
enabling theoYphase to dominatg¢l14].

TheoQLJK I 84S A& O2KSNBy( sdattidefconsta#nideing vevylclashdo Ehat ofde G K A G

matrix (less than 1% difference). This ensures a low interfacial energy between the lattices which
means that precipitate growth during high temperature exposure is linit&8]. This lattice constant
mismatch also makes it difficult for dislocations to pass through the matrix, enhancing stfg@gth

The shape of theQphase depends on the level of mismatch between it and dheatrix; being
spherical at low mismatch values and cuboidal at higher mismatch values. Although the low interfacial
energy somewhat prevents extreme coarsening of t#phase, at temperatures above 0.61he

particles do coarsen, leading to a reduction in strength of the §116Y].

The metatableoQhase is the main strengthening precipitate in Inconel 718. It is disc shaped, and
approximately 10nm in thickness with a diameter of 50(95]. Whilst cubic lattices have the same
dimenson across all edges, BCT crystal structures have one edge that is largénahathers as
shown in Figure 12[116]. Therefore, a larger lattice misfit exists betweenttfisipa S ' yR G K S

[107]. Although this is beneficial for strengthening the alloy, this also increases the interfaciay energ

which causes it to coarsen when exposed to elevated temperatures in the range df$50x / T 2 NJ

extended periods of time. This can either be during service or due to inappropriate post process heat
treatment schedules. Coarsening of th@ghase leadsad the transformation of it to the stable but
incoherentt phase(NiNDb). Due to a consequential drop in th@@lume, this transformation reduces

the strength of the materidl105], [107]

The presence aandoQpecipitates can be identified by TEM diffraction analysisteown in Figure

120 F'yR Od® ¢KS fINHS OoNRIK({G alLlRia AyRAOFGS (GKS
spots surrounding these indicate the presence@indaQpDase precipitates in different orientations
[117].
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100

Figurel2: a) Body centered tetragonal (BCT) crystal structure of tf2Q LK 6] @é&produced with
permission), b) dark field image 6fQQ LINBOA LA G 68& Ay GKS wmnné 12yS | EA
<100> matrix zone axid.17](Reproduced with permission). The spots indicated by 1, 2, and 3 indicate three
different variants of the! QQ LINBOA LA G 4 Sa ®

Aswellasii KS 1 SIKKIOXKS RA &&2ft @S & | [6i05]lothérpw®ses such as tief Lavesy n n n x /
> YR GKS = LKI athe lGveyphasé iaga cheficdl i uadieCrNb, Mo,

Ti)and is usually introduced during solidification due to segregatfdhe slower diffusing elements

such as NbThe presence of this phasemoves Nband Cr from theo matrix, which has knock on

effects on the volume of these elements present fbe tformation ofoQ Qr a stable and protective

oxidation layer[104], [107] In addition to this, it is a very brittle phase, enabling easy crack
propagation through the material. As suchjstdetrimental to most mechanical properties of the

materid [107. ¢ KS > | yR ° LKF&ASa FINB (2LRft23A0lfte Of2a
and Mo that precipitate at grain boundari¢kl1].

Several forms of metal carbides and borides may also be prése¢he material, some of which take

the form of MC, MC, MsGs, MvG;, and MB,, where the M is the metallic conjugate and can be Nb, Ti,

Cr, and Md105]. Their formation can be complex and specific to the metal carbide in question. For
example, cubic MC carbides are usually formed at high temperatures during solidification from the
liquid phase, and so are commgntientified at grain, or sugrain, boundaries. Comparatively x4

forms on theo grain boundaries at lower temperatures, usually during extended periods of elevated
temperature service, via the breakdown of MC carbifled5]. Ellingham diagrams show that MC
carbides are typically the most stable and are made up of a mixture of Ti, Nb, and Ta, with Nb carbides
being most typical in Inconel 71818]. If long connected chains of carbides are present at grain
boundaries they reduce material strength by enabling easy crack propagation routes along grain

boundaries.

Generally all ¢~ [ | @ Sand carbide) additional precipitatese generally detrimental to the

mecharncal properties of the material. Howevesmallamounts along grain boundariesn provide
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additionalstrength to the grain boundary region, and reduce gigiowth at elevated temperatures
[104], [107], [111], [119]

2.3.2 The Structure of Metal Lattices and their Evolution Upon Deformation and Heat

Treament

2.3.2.1 The Structure of Metal Lattices and Grains

Metals are made up of crystal structures which contain repeating units of afbg®§. In metallic

bonding, the electrom in the outer energy shell of each atom are free to roam throughout the
YFEGSNRAFES €SIFE@AyYy3a 0SKAYR (GKS LRarAGA@St e OKINHSR
forces between each positively charged ion and as a result, enables the atombonmted together,

forming a lattice structure, whereby the smallest repeating unit of the structure is defined as the unit
cell[120]. The bond energy between each atds dependent on several factors including the atom

aAl S FTYyR OKFNHS>Y YR (KS @2fdzyS 2F WFNBSQ StSO
LINELISNIASE 2F GKS fF3GA0OS® C2NJ SEFYLX S GKS | 2 dzy
In a perfect lattice, an equilibrium spaciegists between each atom which is dependent on the
magnitude of the local attractive and repulsive forces. However, discontinuities in the lattice structure

occur in real materials, leading to either a local increase or decrease in the atomic spaciegrbetw

atoms. These discontinuities are known as dislocations, and the number of these increases with
external plastic deformation. The presence of dislocations have an associated energy cost whereby

they prevent the material from exhibiting its lowest enegate.

On a larger length scale, a metallic component is rarely found in which the unit cells of a crystal lattice
all observe the same orientation without imperfections. Clusters of unit cells of identical or near
identical orientation are typically id¢ified neighbouring clusters of unit cells all orientated in a
different direction. If the neighbouring regions are of sufficient misorientation, the region dividing
these is called a grain boundary. Grain boundaries are generally categorised in to dlighyain
boundaries (HAGB) or low angle grain boundaries (LAGB) depending on the misorientation they
accommodate. Usually a misorientation of greater than1B® governs a HAGRL21]. These
boundaries lead to free space in the material and therefore also contribute to an energy cost in the

system.

2.3.2.2 Types of Strain in Metal Lattices
As part of Section 2.2.4 Residual Stress, we discussed the large scale stresses that manifest during the
AM process and how these can negatively influence the geometric stability of the part. These stresses

are caused by a nearly homogeneous level of strain across the full part in considgtagpn
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In reality, a material made up of a crystal lattice is very complex and strain can occur on more than
just one length scale. These are defined as Typgde I, and Type Il strajii®2]. The residual stress
previously visited is caused bypBy strain. Type Il strain occurs on the length scale of individual grains
due to differences in the volume of external deformation that can be accommodated by grains of
different orientation (defined by the relative orientation of the local lattice difigction to the loading

axis). For example, if one grain experiences deformation, whilst the other grain is not able to deform
to a similar extent, this produces strains within the neighbouring grains to accommodate the
differences in deformation. Whilskype | strain occurs homogeneously over the whole part, Type I

strain is observed to be inhomogeneous within the material.

As the presence of dislocations causes a local shift of atoms from their equilibrium spacing, this
represents a third length scatever which material strain can manifest. This is termed Type Il strain
[122]. Owen and Jond422] further define a fourth length scale, Type IV strain which manifests due
to a local skt of a single atom from its equilibrium spacing. This type of strain is introduced by solid

solution strengthening atoms.

Whilst residual stress as defined earlier is known to lead to part warping, the Type | strain causing this
occurs over too large amgth scale to aid in the explanation of the fine scale material evolution that
occurs during post process HIP and heat treatment procedures of AM parts. Instead, we need to focus
on the presence and evolution of the Type Il and Type Il strains in thpaftyvboth in the asuilt

condition and during post processing.

2.3.2.3 Dislocations in a Metal Lattice

The presence of dislocations leads to local regions of positive and negative lattice strain in the
material. The lattice is not in its equilibrium position atirefore dislocations represent stored
energy in the material. If multiple dislocations are present in close vicinity to each other, the local
strain fields may interact. The stored elastic energy in the system due to the presence of the strain
fields cam cause the movement of dislocations. Depending on the local strain fields present,
dislocations can either repel each other, or attract and eliminate each oth20], [123] This
movement typically occurs by slip over the closed packed planes. For the FCC strgcidaptad by
Inconel 718, this is the {111} plane, and this plane includes three possible <110> slip directions. Due
to the effects of symmetry, there are therefore 12 slip systems available to accommodate this
dislocation movemen{120]. The higher the volume of dislocations, the more strained the lattice
becomes, and the less likely it is for a dislocation to be able to move along these slip planes in order
to absorb he effects of external loading. Therefore, it is clear that the presence of dislocations in the

lattice provides the material with strength.
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When a metallic material is plastically deformed, two main mechanisms of dislocation generation
occur within each i@in. The first is the generation of more dislocations due to the interaction of a
dislocation either with a lattice defect or a neighbouring dislocation. These are called statistically
stored dislocations. In the second mechanism, dislocations are prdduceorder to maintain
coherency within regions of the lattice that have undergone an orientation or geometry change in
order to accommodate the new shape of the grain. These latter dislocations are called geometrically
necessary dislocations (GNRR4]. These dislocations allow the grain to observe large orientation,
and strain, gradients across its diameter. Therefore, as opposed to statistically stored dislocations, the

GNDs are able taid in the nucleation of recrystallised grajd25].

As plastic deformation progresses, more of each type of dislocation nucleates in the material, which
in turn incieases its strength (until material fracture occurs). This is termed work hardening. However,
it is clear that this process also produces increasingly elevated levels of Type Il and Type Il strain in

the lattice, leading to high inhomogeneous levels obtitastrain energy in the paf126].

If sufficient thermodynant conditions are met, these lattice discontinuities can be eliminated,
allowing the material to exhibit a lower energy state. The reduction in strain energy can occur by two
different mechanisms; recovery and recrystallisatifi?0], [126]. Both of these areshown
schematically in Figure 13hese processes are then typically followed by grain growth as a further
means of reducing energy in the system. However, in the case of grain growth, the reduction in energy
in the system is ssociated with a reduction in interfacial energy of the grain boundaries, not a
reduction of strain energy in the lattice by the elimination of dislocatifif#0]. Theprocesses of

recovery, recrystallisation and grain growth are discussed in the following sections.
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Figurel3: Schematic diagram frorfL27]indicating the stages of recovery and recrystallisation, as well as
the effects of this on the material strength, hardness and ductility, on a defetimetal. Reproduced with
permission.

2.3.2.4 Recovery

The process of recovery occurs once there is sufficient thermal energy to allow movement of
dislocations by climb or cross slip within the lattice structure. Recovery typically requires the presence
of elevaked temperatures. This is because the movement of dislocations and LAGB without external
deformation is dependent on the diffusion of vacancies through the lattice. This process is

differentiated from recrystallisation as no movement of HAGB are assoaciatedhis process.

If dislocations causing opposing types of lattice strain (compression or tension) combine, they
annihilate each other, reducing the lattice distortion and strain energy in the system. Those which are
unable to be annihilated may rearramghemselves in an organised manner that reduces the strain
energy in the lattice. This typically initially results in the formation of a cellular structure, which then
progresses into a wetlefined subgrain structurg121], [127], [128] In these structures, the cell walls

or LAGB, are made up of a high density of dislocations and the inner cell regions contain a low number
of dislocationg127]. As the process progresses, the misorientation between neighbouring dislocation

free areas increasd426].
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The result is the formation of a less distorted crystal lattice which has a lower internal strain energy,
and thus lower yield strengtiHowever, the material grains still retain their original orientations and

shapedq121]. The material work hardenability is also increased after recoM&y).

Recovery often takes place at temperatures well below the temperatures required for
recrystallisation. If the material is subjected to low heating rates or encompasses high dislocation
mobility, or a combination of bdxt, sufficient recovery may take place prior to reaching the
recrystallisation temperature. In this case, recrystallisation can be supressed as there is insufficient

elastic strain energy remaining in the system after recovery to trigger its occurf&p8g

However, dislocation mobility, and therefore the extent of recovery possible, depends on the stacking

fault energy of tle material, which is unique to every material.

2.3.2.5 Stacking Faultnd the Stacking Falithergy

The closed packed planes of a crystalline material are arranged in different planar stacking orders. The
stacking order of an FCC material is ABCABG@A&Bhown ifrigure 14 A stacking fault occurs when

one of the planes of atoms does not follow the stacking order. For example, if the stacking sequence
were to be altered as follows; ABCBABC, or ABCBCABC. This has an associated energy, which is
different for every méerial [129].
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Figurel4: Left: perfect stacking sequence for &#CC material, Middle: stacking sequence containing a
stacking fault, Right: top down view of stacking sequence in an FCC material.

These stacking faults are created by the movement of dislocations though a lattice. A perfect
dislocation moves without alténg the crystal structure. However, if it is more energetically favourable
for a dislocation to move by splitting in to two partial dislocations, the crystal lattice stacking

arrangement is altered, resulting in a stacking fault.
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Figurel5: The movement of a perfect dislocation would move the gap labelled A to the point labelled B. This
would cause no change to the stacking order of the atoms. However, if the plane of atoms were to move to
have the gap at point A now situatedwer point C the dislocation will have dissociated in to two partial
dislocations called Shockley partials.

Figure 15shows that for a perfect dislocation to move through a lattice, the gap between atoms
labelled A, is to move to position B. When this happethere is no change to the stacking
arrangement othe atoms as shown in Figured.@However, it may be energetically more favourable
for the dislocation to move by dissociating in to partial dislocations and initially moving the plane of
atoms frompoint A to point C, and then another point in the plane from point C to point B. This initial

movement fom A to C is shown in Figureldl6

A

Perfect Dislocation Movement Partial Dislocation Movement

Figurel6: Left: result on the atomic plane of a perfect dislocation movitigough a lattice, Right: the result
of the moment of atoms along a partial dislocation.

This type of partial dislocation is called a Shockley partial. They are still able to move through the
lattice by glide and climb, however remain in pairs due to thergy associated with the stacking fault
created between them. The distortion surrounding each partial dislocation repulse each other while
an attractive surface tension force, the stacking fault energy, keeps them at an equilibrium distance
apart. Physiddy, this creates a planar gap between the atoms on that plane as sbhgwhe black

lines in Figure 1J130].
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Figurel7: Schematic of a perfect arrangement of atoms shown in blue, and shene atomic plane after
being affected by a partial dislocation shown in orange. The two partial dislocations are shown by the black
lines.

In order for dislocations to cross slip (as opposed to glide or climb), enhancing recovery, the partial
dislocatiors must first recombine to the perfect dislocation. This requires a sufficient amount of

energy; thermal or mechanical.

In a high stacking fault energy material there is a small gap between stacking faults and so a small
spacing between Shockley partiakldications. The energy associated with keeping these partial
dislocations close together is high, and so high stacking fault energy materials are more likely to allow

movement of dislocations without separation in to partials.

A low stacking fault energyaterial (large gap between stacking faults) will require more input energy
in order to cause recombination of the partials and so will undergo dislocation rearrangement and
annihilation (recovery) less readily than a high stacking fault energy matesiicénel 718 is a low
stacking fault energy material above 364131], it is common to oyl see a very small amount of

recovery. Instead, the reduction in lattice energy is typically achieved through recrystallisation.

The stacking fault energy also influences the volume of dislocations that are generated during plastic
deformation. As highertacking fault energy materials enable more dislocation movement, less
dislocations are generated. Vice versa, a low stacking fault energy will impede dislocation movement

leading to an increase in dislocations, and stored energy, genefhddl

2.3.2.6 Recrystallisation
Recrystallisation is the pcess in which new, strain free, grains are formed under the application of
elevated temperature. In simple terms, the process involves the movement of both LAGB and HAGB

from around small individual regions of unstrained material over the deformed mraaste [121].
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The process is driven by the difference in elastic strain energy encompassed by the unstrained region
and the strained lattic¢120], and therefore is directly related to the number of dislocations present

in the material[121]. In addition to the number of GNDs, the amowftecrystallisation is known to
depend on several other microstructural factors including the solidification structure (and resulting
elemental segregation), presence and coherency of second phase precipitates, grain size, grain

orientation and residualteess.

Due to the resulting reduction in lattice strain, the process results in a less strong, more ductile
material. If the application of elevated temperature is removed prior to the grain growth stage,

recrystallisation typically produces a refinemeffitioe material grain structure.

According to the HalPetch relationshigl133], grain refinement is directly proportional to increased
strength in grains larger than 20nm. This is becaarséncreased number of grain boundaries makes
the motion of dislocations more difficu[l29]. Therefore, in traditionally manufactured materials,
stages of deformation and heat treatment, termed annealing, are performed in order to produce

progressively finer grain sizes.

WSONBAGIEtAAlIGAZ2Y 200dzNB DA | by itskg®wthy XsdzapbsBd taithe? y Q
nucleation of a solidification crystal as described in (Section 3dlidification), the material that
makes up the nucleus in the recrystallisation mechanism is already present in the metal as a small
strain free regiorseparated from the surrounding deformed material by a HAGR], [127], [134]

In order for this small region of material to become a recrystallisation nucleus and grow into the
surrounding grains, a sufficient driving force is required in the crystal structure. Asssudessful

nuclei are typically located neaegions of high dislocation density gradient or large irtgystal
misorientations[126]. These can be at grain or twin boundaries, boundaries between different
precipitate phases, or regions of high deformat{@21], [126] The movement of dislocations in the
lattice also enables discrete regions of strain free crystal lattice to be produced that are energetically
capable of becoming recrystallisation nucl@R8]. The different mechanisms of recrystallisation

nucleation and growth are discussed in the next section.

Recrystallisation can take place during deformation at elevated temperature, termed dynamic
recrystallisation, or during annéag, which is termed static recrystallisatigh29]. In this thesis,

recrystallisation ichieved during the HIP process (Section 6) whereby the material is understood to
undergo a combination of both static and dynamic recrystallisation, with the extent of each depending

on the volume fraction of material discontinuities present in each damp
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Within both static and dynamic recrystallisation processes, two moregsobps can be defined,
discontinuous recrystallisation (DRX), and continuous recrystallisation [CHX)[128] When the
recrystallisation process occurs in discrete locatiomgh well-defined stages of nucleation and
growth dependent on the location of the strain energy in the material, it is DRX. CRX occurs
homogenously throughout theulk [129]. The occurrence of either of these largely depends on the

amount and distribution of the lattice strain in the pgi21].

In addition to the annealing temperature, the kinetics of recrystallisation and the final recrystallised
microstructure attained are dependent on the number of recrystallisation nuclei that are able to form,
and the kinetics of their greth [121]. This is because the more recrystallisation nuclei formed per unit
area, the less they are able to grow before impinging on each other. This results in a finer recrystallised
microstructure. Additionally, if only a small volume of recrystallisation nuclei can form, the
microstructure may only partially, or d4momogeneously, recrystallise. Trepeed at which the
recrystallisation process occurs, and the extent and grain size @ihtderecrystallised microstructure

depends on the following factof421], [125], [127]

1 The amount of all types of lattice strain (TypdB)lpresentg this determines the amount of
driving force present

i Heat treatment time

1 Grainsize

1 Grain orientation due to volume of deformation that can be achieved in grains of different
orientation

1 Volume of segregated materialreduced elemental segregation during rapid solidification
enables a higher fraction of deformation twinning toooir which has been shown to enable
recrystallisation nucleatiofil25]

1 Presence of precipitatesthese further contribute to Type Il lattice strain

A number ofconditions or rules,for the occurrence and kinetics of recrystallisation have been

presented by Cahn i135]. These have been summarised below.

1 A minimum threshold driving force for recrystallisation, in terms of material deformation or
inherent lattice strain, is reqeed to induce recrystallisation at a given temperature. If the
lattice distortion is lower or the annealing time is reduced, higher overall temperatures are
required to produce recrystallisation.

1 The final recrystallised graisize depends on the amount ddttice strain present, the

annealing temperature as well as the initial grain size in the microstructure. A higher level of
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deformation, finer initial grain size, and lower annealing temperature produces a finer
recrystallised grain size.

For a set annding time and temperature, and as the original grain size increases, a higher
volume of lattice strain is required to induce recrystallisation.

Once the recrystallisation process has completed, further exposure to elevated temperatures

will cause grain gnath.
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Methods of Recrystallisation Nucleation
The mechanisms in which a small region of strain free material can become a recrystallisation nucleus
and subsequently grow into the neighbouring grains, are not well understood. Several theories have
been pu forward in the literature, and three of these will be discuss&dhin induced gra boundary

migration (SIGBMjliscontinuous swgrain growth and recrystallisation by twin boundary formation

Strain Induced Grain Boundary Migration
Straininduced grAy 02dzy RI NB YAINI A2y Ay@2f@Sa GKS WodA :
producing a region of strain free materad shown in Figure 1&21], [136] The resulting bulge may
either comprise of a number of small sghains which have been elongated across the prior HAGB, or
a single larger subrain. er the former, the process is driven by a difference in dislocation density, or
orientation gradient, between the two grains. Due to differences in grain orientation and size, some
grains may be able to accumulate a larger number of dislocations thansothg#ing deformation,
therefore enabling this effect to occur at different regions in the matdfial]. During the bulging of
a single sufgrain, the process is driven more by the facattthe subgrain is of sufficient size, and
contains sufficient misorientation, to grow into the neighbouring grfdial]. As the difference in
dislocation density between the neighbouriggain and the sugrain increases, the critical size of
sub-grain required in order to bulge across the HAGB decrdd243 The presence of second phase
particles is understood to promotthe formation of a number of elongated sigvains, rather than

that of a single sulgrain, during grain boundary bulgiftR1].

The formation of a recrystallisation nucleus from these mgi@undary bulge# Ni-alloys has been
shown to occur through two different mechanisms; the gradual increase in misorientation of the sub
grain boundary behind the bulge with continual str§ll37], or the formation of a twin boundary at

the base of the bulged regiof138], [139] This effectively creates a distinct region of strain free
material which may then grow. The size of initial bulge regions is thought to be dependent on the
misorientation between the grains, mobility of théAGB, and the local dislocation density between
the two graing137].

This process occurs during static recrystallisation in the presence otlefigled subgrains[121].
However, this method of recrystallisation nucleation is also often observed during high temperature
mechanical testing of Inconel 71838], [140], [141]and is therefore also a dynamic recrystallisation
mechanism. This is because during deformation, boundanethe microstructure such as grain
boundaries, triple points, or deformation bands, become serrdtE8I7]. This produces regions of
misorientated material on either side of a HAGB, and leads to high disloadgiusity gradients on

either side of the boundary, promoting grain boundary bulging.
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Figurel8: Optical image froni136] showing the HAGB migration from point A to point B. Number 1 shows
the original position of the grain boundary and number 2 shows the new position of the grain boundary.
Magnification is 75x, no scale bar provided. Reproduced wigrmission.

During dynamic recrystallisation, the process of grain boundary serration, bulging, recrystallisation
nucleation, and growth may repeat as a process as long as strain is applied to the rfEg81idlL40]

It has been shown that the formation of a bulged HAGB may cause disruption to the local crystal
structure behind the bulge, leading tthe formation of several recrystallisation nuclei in the area
[137].

Discontinuous SuBrain Coarsening
Another method of recrystallisation nucleation is by the inhomogeneous growth of strain free sub
grains, and is called discontinuous sgrfain coarsenin§l21][126], [127] In this case, the resulting

recrystallised grains possess an orientation that was already present in the deformed n{ag¢tal

In order for a sulgrain to become a recrystallisation nuclei, a sufficient level of misorientation
gradient mustexist betweenit and the neighbouring sufgrains to produce a driving force for the
migration of LAGB. These regions may evolve during annealing as a continuation of dislocation
movement dserved via recoveryor may already be present in the material dioehigh dislocation

density gradients present across a number of-guins[121].

Subgrain boundaries have an associated boundary energy and therefore, the growth of tigeasab
occuss as a means to reduce the total energy stored by the system. As thgraubgrows, a larger

misorientation can evolve in the region which may lead to the formation of a new LAGB. As the
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misorientation between sulgrains increases, so does the mobilitiytbe grain boundary. After a
HAGB has formed, there is enough mobility to allow a large strain free grain to[f8d{v In order

for a subgrain to continue growing instead of be grown over (and be eliminated by neighbouring sub
grains), there needs to be an energy advantage for shétgrain to grow. Therefore, larger sigrains

located in a region of higher long range misorientation gradient, are more likely to[@B8k

The requirement for a high level of or misorientation gradient across a distance larger than
approximately 15 suigrains[121] means discontinuous suffrain coarseningften occurs in regions

of high deformation (stored energy). These are usually observed near shear bands, in material affected
by residual stress, in the vicinity of large second phase patrticles, or at grain boufiti2ried he high
deformation zone surrounding these material inhomogeneities only extend a certain distance from
the defect. Therefore the strain free nuclei grow until theamt of lattice strain has reduced to a

point where the driving force is no longer sufficient to enable further grojd2v]. This is wi the

mechanism is termed discontinuous.

As dislocation mobility in materials with low stacking fault energy is more difficult, the recovery of the
lattice in to subgrain arrays is also more difficult. Therefore, the material is less likely to undergo
recarystallisation by sugrain coarsening, with this only occurring upon the random presence of-a sub
grain with sufficient size and misorientation. However, due to the rapid solidification in AM materials,
cellular structures are common (as discussed in i&ecR.4.3 Solidification in Laser Additive
Manufacturing), and so the random inherent presence of thesegrains is possible in the -#slilt
condition. In the case of high stacking fault energy materials, this process of recrystallisation requires
an inabation time in which the sulgrain structures are produced by recovery wiih grain boundary

bulging, the kinetics of the process can be enhanced by increasing the annealing temperature.

Recrystallisation by Twin Formation
As recrystallisation by stdrain growth is more difficult in materials that exhibit a low stacking fault
energy (such as Incongél8), the nucleation of recrystallised grains durthgformation andannealing

may takeplace through twinning.

A twin is a region of the crystal lattice in which the atoms within the twinned region are positioned as

a mirror image of those in the original grain along a plane called the twin pl&@3 The process of

twin boundary formation typically produces a strain free region which reduces the overall energy of
the system. While normal random HAGB occupy a large volume of space, resulting in high associated
energy levels, twin boundaries are associated with much lowergn This is because they contain
atoms that are shared by both grains, so take up less space, whilst only being able to form at specific

misorientations where the two lattices fit together with little distortion between théhd2]. Twin
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boundary nucleation is therefe more fawurable than the formation of new HAGB by recovery

processes during recrystallisation in low stacking fault energy materials.

The mechanisms behind twin boundary formation are complex and many theories have been debated
in the past These include formatiodue to growth accidents on the edge of a growing grain, the
coalescence of stacking faults at moving grain boundaries, and the dissociation of the dislocation at a
normal HAGB into two partial dislocations and a twin bound&chematics of these processean be

found in[143]¢[145]. They can form as a result of grain growtbgnystallisationor deformation.The

exact formatiorpathways of these boundaries are outside the scope of this thesigdd, nterested

readers can find more information at the following referendé1], [143%[145].

Nevertheless, the formation of a new crystal tvisraccompanied by the production of a small region
of strain free material. This then acts aswleus for recrystallisation. If the grain boundary energy of
the twinned boundary is less than the neighbouring grain boundaries, this twinned region will grow
[121]. As opposed to that ofubgrain growth, recrystallisation through twinning results in the

formation of new grains that are different in orientation from the original matgdal7].

2.3.2.7 Grain Growth

It is worth at this stage to provide a separation between grain growth during recrystallisation, and
AN AY ANRGGK | FGSNI NSBONRalGlIftAArGAR2Y® ¢KSaAS (g2
with the growth during recrystallisation occurring much faster than when a grain grows through
already recrystallised, or strain free, matefig21]. In this section we discuss grain growth irtraia

free material.

As the grain boundary is a defect in the crystal structure, the presence of it means the material is not
in the lowest energy state. The elimination of the energy associated with the presence of HAGB
boundaries occurs by grain growtAs with recrystallisation, this can occur homogeneously er in
homogeneously throughout the bulk of the material, leading to either normal, or abnormal grain
growth. There is currently no complete explanation of the structure of a HAGB, however simpljstical
grain growth occurs due to singular atom or growfisatoms making a jumps across the boundary

region[121].

2.3.2.8 Coincident Site Lattice (CSL)anddow{ [ W{ LISOA I f Q DN} Ay . 2dz/R
A concident lattice site between two grains is the position where, if the lattice of each grain was
extended to overlap the other, there would be a common point in space occupied by the lattice of

each grain. The inverse of the fraction of CSL sites in edasjiven a parameter [146]. As theH

value increases, the disorder at ttwin boundary increasefl47]. Amnealing twins in low stacking
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fault energy materials usualgncompass lot ofH3 boundaries, and to a lesser exter$ boundaries
[145], [148] TheH3 boundaries encompass a wide rangf boundary orientations, of which the
coherent and incoherent twin boundaries are a part @bherent twin boundaries occur when the
atoms at the twin boundary fit in the lattice locations of both adjacent grains perfectly. This is
associated with theolwest energy. Incoherent twin boundaries occur when the atoms at the boundary
do not fit exactly into the lattice locations of both adjacent grains. The energy associated with these
is higher and can be around 20 times the energy of a coherent twin bogndathe samematerial

[142].

The mechanical properties of materials that include l®SLH3-HH 0 = 2 NJ WA LISOA £ Q 02
from normal HAGB. They have been shown to possess beneficial engineering properties such as, but

not limited to, resistance tolisling, fracture,corrosion, andstress corrosion crackind.21], [147],

[149]. As suchmaterials with extreme operating condition requirements are processed in a specific
manner in order to attain a high proportion of lomvgrain boundaries. This is called grain boundary
engineering (GBE) and usually involves several stages of deformati@maealing in order to trigger

strain induced grain boundary migration, or twin formatidd5].

Once recrystallisation has completed, the driving force in the lattice is such that the recrystallised
grains grow in order to reduce the energgsociated with grain boundaries. Due to the enhanced
mobility of incoherent twin boundaries, grain growth is accompanied by a decrease in the density of
these incoherent boundariefl45], [150] It has also been shown that only very few new twin
boundaries are nucleated during grain growth after recrystallisafithil]. Figure 19shows the
resulting twin boundary morphologies in samples of Inconel 718 after grain growth and
recrystallisationlt is clear that for a similar grain size, a higher twin boundary density exists in the
sample that underwent recrystallisation rather than grain growth. It is therefore also important in the

realm of GBE, that grain growth after recrystallisation is pnése[145].

In LPBF, the effects of rapid solidification lead to large numbers of GNDs intibit asaterial[125],
[152]. This can be further increased by plastic deformation during the HIP process, especially in the
presence of internal AM porosities. Therefore, GBE can be enabled in AM samples without the need

for repeating stages of plastic defoation and heat treatment, saving time and money.
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Figurel9: H3 boundaries shown in red49 boundaries shown in green and normal grain boundaries shown
in blackfor a sample of Inconel 718 affected by Left: grain growth onlgdaight: recrystallisation[145].
Reproduced with permission.
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2.4 Solidification

2.4.1 Solidification Theory in Metals
The general microstructure of Inconel 718 in solid form has been discussed in the previous section.
However, as AM involves theelting and rapid solidification of the material, it is important to

introduce the mechanisms of solidification in metals and alloys.

CKS A2t ARAFAOFIGAZ2Y 2F | YIFGSNARIFE 200dz2NE Ay 2NRS
YIAyAGdzZRS 2F GKS RNAGAY3I F2NOS FT2NJ GKA&A Aa RSGSN
the liquid and solid state of the material. Therefotbge further below the equilibrium melting
solidification temperature the solid/liquid interface is, the higher the driving force for solidification

[153]. A solidification event requires a cluster of atoms to overcome an enengieband become a

solidification nucleus. The larger the undercooling of the liquid, the more clusters of atoms can form

and the more likely it is that these will overcome the energy barrier to become solidification nuclei.

Additionally, slidification n alloys involves theegregation of slow diffusing atoms at the sdlidjuid
interface. This forms a solute rich boundary layer at the interfaldee local increase in solute
concentration reduces the solidification temperature of the materi@herefoe, solidification
becomes retarded as thiecaltemperature of the melt is not low enough to solidifyaterial inthe
solute rich layer. However, random perturbations may be present on the surface of the solidification
front. If these extend to a positioautside of the boundary layeor to a position where the solute
concentration is lower, it becomes possible for these perturbations to grow ahead of the solid / liquid
interface. This is because in thesgjions the melthas a higher solidification tempature, and can
therefore solidify successfully at the local temperature of the liquid midlisphenomena is céd
constitutional undercoolingndallows crystals to nucleate or grow aheddhwe solid/liquid interface
[154], [155] A lower trermal gradientin the meltand higher extent of solute segregation during
solidification increases the effectd constitutional undercoolingAs the constitutional supercooling
increases, the growth morphology changes from planar, to cellular, to denduitilto equiaxedas

shown in Figure 213].

During constitutional undercooling, thhegion separating the solid growth front and the liquid is called
the mushy zoneThecharacteristics of the microstructuia terms ofgrainand subgrain morphology,
amount of elementasegregationand the development of poreare determinedn the mushy zone.

This is influenced by the relationship between the temperature gradient in the liquid (G) and the
solidification gowth rate (R) as shown in Figure RB], [153] A higher cooling rate and a higher
solidification rate (G x R) leads to the formation of finer structures in order to minimise segregation

distancebetween the solidification structures.
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Laser manufacturing such as welding, as well as additive manufacturing, both involve the melting and
solidification of very small regions at a time. As previously discussed, this produces high thermal
gradients in e liquid. The effects of constitutional supercooling are also present as, more often than
not, complex alloys are used in engineering applications. Due to the high laser raster speeds involved
in these methods, the solidification growth rate is also hibe result is the formation of very fine

solidification structures, which may fluctuate between cellular and cellular dendritic.

Planar
Cellular

Columnar
dendritic

constitutional
supercooling

Equiaxed
dendritic

‘ Increasing constitutional supercooling

Figure20: Schematic showing the effects of constitutional supercooling on solidification morphgl@g]
(Reproduced with permission)As the level of constitutional supercooling increases, the solidification front
becomes increasingly dendritic with the potential for equiaxed grains to be natdel ahead of the growth

front. S = solid, L = liquid, M = mushy zone.

G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Low
G/R ®b

Growth rate, R

Figure21: Shematic showing effects of temperature gradient in the melt and growth rate of the solid in the
morphology and size of the solidified material microstructufé43]. Reproduced with permission.
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2.4.2 Solidification inLaser Additive Manufacturing

In real systems, crystals tend to preferentially nucleate and grow on already solidified substrates,
termed heterogeneous nucleation. This is besmathese regions reduce the energy barrier required

for solidification nucleation. The extent of the energy barrier reduction depends on the extent to
which the solidifying liquid wets the substrate. This is usually measured in terms of the contact angle
(> between the liquid and soliflL56]. If the liquid completely wets the surfade contact angle is

zero and the energy barrier is also zero. This leads to a solidification occurring at very little melt
undercooling155].

During laseradditive manufacturing, the molten region is in direct contact with the solid material
underneath. This produces a very small contact angle, leading to the epitaxial growth of previously
establited grains as shown in Figure.Zthe newly solidified mateai observes the same lattice
AUNHzOGdzNE yR 2NASYdlIGA2y a GKS ANFrAya GKS& 3INEP
the grains that are oriented with their easy growth direction perpendicular to the melt isotherms grow

more easily at a detment to the others. As the AM process involves the building up of material in

height, and the heat conduction occurs downwards through bulk material, the epitaxial growth occurs
upwards through the height of the built component. This results in the pradoaf fine columnar

grains that span over several layers. Due to the fast solidification kinetics, these grains typically contain

fine cellular or dendritic suigrain microstructure$108].

New
fusion line

Melt Pool
(Liquid)

As-Solidified

Heat source
v

o f——
3rd layer
Build
Direction f 2nd layer
1st layer

Substrate

Figure22: Diagram showing epitaxial competitive growth in additive manufacturing of metHl57].
Permission not required for reproduction.
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2.5 Laser Powder Bed Fusion of Inconel 718

After the introduction of LPBF, Inconel 718 and its phases, and the theory behind solidification, it is

time to bring themall together to look at the LPBF of Inconel 718.

The processing of Inconel 718 by LPBF has been studied by numerous research groups due to the
relative ease with which it is printed compared to other niiated superalloys. Severatdepth

review paperghat focus on the microstructures and mechanical properties of LPBF Inconel 718 have
been written[20], [158], [159]

2.5.1 Powder Requirements

Laser powder bed fusion utilises partickaghin the size range of approximately-#5um [160]. When

the full range of powder sizes are present in a sample, a higher powder bed packing density can be
achieved, which has been found to produce printed parts with higher den$gs In order to
achieve an even coating of powder in the powdedppowders must have good flawility; this

requires them to be spherical without the presence of satelldeshown in Figure 23460].

The majority of powders for AM are produced ibgrt gas atomisationThis is a rapid solidification
process which causes the powder particles to exhibit dendritic solidificatioictures as shown in
Figure 2B. As previously discussed, these particles may also contain trapped gas pores which can lead

to gas porosity in final printed componeri&7], [160]

It has been demonstrated thdbconel 718owder can be sieved and recycled several times without
inducingsignificant detriment tahe material propertied161], [162] If sieving takes place in an argon
atmosphere, the powder cdpe reused up to 50 times and still produce test samples with the required

mechanical propertiefl62].
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Figure23: A) Morphology of gas atomised Inconel 718 (powder size belowr)[163](Reproduced with
permission) B) Dendritic structure found within powder particles and example of trapped gas pore within
particled27] (Reproduced with permission)

2.5.2 Build Parameters

Many studies have shown that it is possible to produce fully dense componentdricomel 718/ia

the LPBRprocesd17], [27], [164] Example parameters as well as the machine used for the referenced
trials are shown in Table 2. The condigowithin the build chamber, such as inert gas flow and inert
gas pressure, as well as the operation mode of the laser (continuous or pulsed) also affect the process.
Therefore, the parameters shown are higtlgpendent on the machine utilised. This maltedifficult

to translate process parameters between machines, even for identical part geometries.

While it is most common to analyse the effect of changing laser velocity, power, and hatch spacing,
on the microstructure of the part, the effects of scaatiern [63], [165K[167], hatch length(by
simulation)[168] and focus offsef169] have also been investigateds the powder particles in LPBF
have a standard size range, usually4Bpim diameter, this sets the minimum powder layer thickness
that is applicable to the process to ensure sufficient coating of the baseplate; appitekr3Qum. As

the layer thickness is increased, the build productivity increases, however the geometric accuracy

typically decreases due to the stair step effect introduced ea[liéd].
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Table2: Example of build parameters used to print fully dense samples of Inconel 718 obtained from
fAGSNY GdzNBE® bw AK2NI F2N Wy2id NBO2NRSR

Laser Hatch Layer
. Spot | Power | Velocity . -ay Scan Additional
Machine ) Spacing| Thickness .
Size (W) (mm/s) Strategy | Information
(Hm) (Hm)
(Lm)
Wanget . dn x
al.[163] Selfbuilt 100 170 1500 70 NR rotation
EOS
mrst | e a0 | e | e | e | B
' LPBF
Caoet al EOSINT
[116] ' M280 70 285 960 NR 40
LPBF
Popovich LPBF
etal.[171] 280HL 81 275 805 120 50
Moussaoui DMP NR 150450 i%%% 5090 70
etal.[27] | PROX30C (varied) (varied) (varies)
LPBF
Chlebuset | o liser | 180 | 100 87.5 160 50 P X
al.[131] rotation
11 250
Preheated
G"E‘ff;]a" EN?ZSs'(')\'T 100 | 280 1200 30 30 rog:fon substrate
80xC
. Preheated
eﬁi?l[rf;é] Lpi'i 250 NR 175 620 120 30 NR substrate
) 200xC
Parket Concept Chessboarg
al[174] Laser M2 NR 180 600 NR NR Pattern

2.5.3 As Built Microstructure

The asbuilt microstructure is vergistinctive of the AM process. When polished and etched, clear
melt pool boundaries @ visible as shown in Figure 24a andh 2%he size and shape of these varies
with different process parameters. Figure24vas printed using a laser power, laser velodiytch
distance, layer thickness, and beam diameter of 950W, 320mm/s, 0.5mraniGihd 10@m (flat

top beam profile) respeaively. Comparatively, Figure B4vas printed with 250W, 700mm/s, 0.12mm,
50em, 8Cem (Gaussian beam profile) respectively. Both geswere built with the same volumetric
energy density of 59.5J/mtrhowever are drastically different in immediate microstructyéd. In
Figure 24 it is also clear that the metiool depth within a single layer is not consistent. This has also
been shown by other researchers and it should be noted that even for constant laser parameters and
cross sectional geometries, the heat flow between neighbouring scan tracks can be randmargn
greatly[175].
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Figure24: a) shallow, wide, melt pools built with high power, hatch spacing and layer thickness, low speed,
b) deep, narrow, melt pools built with lower power, hatchpacing and layer thickness, and high speed
Modified from [9] (Reproduced with permission)Orange lines show melt pool boundaries and the blue line
shows the length of a singlergin spanning across several melt pool layers; c) Inverse Pole Figure (IPF) map
of LPBF Inconel 718 showing the columnar grains oriented in the build (Z) direftio8] (Reproduced with
permission) d) cellular solidification structurg163] (Reproduced \ith permission) e) clusters of differently
orientated sub grains labelled 1 and 2, separated by grain boundaries indicated by white arfbwg
(Reproduced with permission)) dislocation networks suounding each growth cell178] (permissionfor
reproduction not required); g) higher magnification image of growth cells and EDS analysis showing
segregation of elements in thetercellular regiong178] (Permissiorfor reproduction not required).

Within the melt pools, epitaxial growtbpposite to the direction of heat transfetominates, leading

to long thin grains that span over several melt pdafg], [30], [179] This is shown by the blue line in
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Figure 24. In FCC and BCC materials, as a result of competitive growth, the grains witD0ieir

easy growthdirection parallel ¢ the build direction dominate. Thigsults in most of the columnar
grains showing a distinctive orientation in the budidection, as shown in Figure @A.80]. If sectioned
perpendicular to the build direction, these grains would look equiaxed over the surface t=ydre

[17]. The size of these columnar grains depends on the process parameters and specifachive
utilised. It has also been shown that the grain aspect ratio increases with increasing processing power
[29], [165], [180]

Due to the rapid melt pool cooling inVA cellular solidification takes place with segregation of slow
diffusing elements being deposited at tidercellular regions. Figure 84shows this cellular dsuilt

AM structure within a single grain in Inconel 718. The dark regions showmtatrix which forms at
1360C[107], and the white regions are made up of segregated material at the cell boundaries. The
segregated madrial becomes enriched in Nb, Mo, Ti and C as solidification progiés3e$8], [161],

[173], [176], [181] Energy Dispersive-rdy Spectroscopy (EDS) maps showing enrichment at cell
boundaries is shown in Figure@4During solidification, this enrichment can lead to the formation of
fine cuboidal or spherical carbide particles ahead of the solid/liquid intefi&H, [165], [177], [1L79]

The reduction in C in the remaining segregated material may then allow final solidification of the Laves
phase, alongside carbides anghase, at 125@[107], [165], [177], [182]

These celllar structures tend to grow in several different, randomly orientated, clusters which can be
identified as suklgrains[177]. Therefore, each individual grain contains regiofhsawying orientation.
Figue 24e shows the different orientations of these sub grains (numbered 1 and 2) within a single

grain. The grain boundaries are indicated by white arrows.

In the asbuilt microstructure, the Laves phase is irregularly shaped and brittle, therefore is gn eas
site for the initiation of crackEL83). It has been found that processing with a higher power produces
an increased amount of Laves formation regardlesshe overall energy density applied during

printing [9].

Upon even higher magnification using Transmission electron microscopy (TEM), it can be seen that
each growth cell is borded by a dense dislocation network as shownFigure 24 During
solidification, NiCr alloys have been shown to shrink by-2%8 depending on the Cr concentration
[184]. Due to the repetitive expansion and shrinkage that takes place gl&M, a large volume of
plastic deformation is placed on the material. This leads to the generation of a high volume of
dislocation networks around each growth ddlB0], [177], [183] The distortion in the crystal lattice

caused by these dislocation structures stores a large amount of strain energy.
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The scale ofttese microstructural features changes as the thermal conditions change. This can occur
due to a change in component geometry or machine parameters. As an example, in a 6mm tall sample,
the width of dendritic solidification structures in the top of a sampéve been found to be 56m

larger than at the bottom. This is due to the baseplate acting as a heat sink leading to faster
solidification kinetics at the bottom of the pdit85]. Additionally, alecrease innput energy density

leads toa higher cooling rate and thereforess segregatiofiL86], smaller volumdraction of Laves
phasessmaller carbides, finer cell spacifi@7], and less textured, smaller graif8. In general, the

scale of the growth cells is in the region002-2 um [17], [176], [179], [181]

Rapid cooling of the material in LPBF of Inconel 718 leads to limited precipitation afdhd o0Q Q
strengthening phasewithin the cellular phase regions in the dsuilt condition[17], [176] Although
Amatoet al.[17] resolved these by TERhalysis showing that they stack along the length of the cell
structures, it is always necessary to perform post build heat treatments on Abhéh 718 to

homogenise the material and achieve the required volume fraction of these precipitates.

Ferreriet al.[188] created a table of the solvus temperatures for each pheitle information sourced
from the literature This information is helpful in the understanding of how the different heat
treatments affect the aduilt AM microstructure. The table has been reproduced in Table

Table3: Solvus temperatures for the different precipitatehlase in Inconel 718 collated by Ferreri et al.
[188]. Reproduced with permission.

Phase| SolvusTemperature ¥C)
2Q 900970
20 Q0 910930
1 990-1020
MC 10401200
Laves 1010

2.5.4 Post Build Heat Treated Microstructure

2.5.4.1 Introduction to Heat Treatments

The high levels of residual stress and-guain structures in the auilt microstructure provide high
levels of strength. However, the corresponding ductility is very low, which can lead to brittle failures.
As previously discussed, part warping due étaxation of residual stress upon removal from the

baseplate is also a common issue.
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In order to resolve these issues, as well as release the elements required for the precipitation of the
strengtheningpQ Q LINBSOA LA G G4 S& > LI a lired Trdsé heat edtments GaNBel (0 Y Sy i
carried out over a wide range of temperatures, and in order to present a literature review of these in

LPBF Inconel 718, they haweebe split in to 4 categories; a hot isostatic press treatment (>$CC

~100MPa), aolwer temperature solution treatment (<10@Q), a high temperature homogenisation

treatment (1000125C), and an aging treatment (6Z@0xC).

The solution treatment is typically applied in order to maintain the as manufactured anisotropic grain
structure, while allowing the segregated atoms that make up the strengthening phases to back
dissolve into the matrix. Typically, this process involves only recovery. This then allows strengthening
precipitates,o0Q g ®RT (2 Bk duking thd &gfig gatment. This method of post
processing is desired in order to preserve the anisotropic grain structure for situations where a

directionality in the mechanical properties of the part is required.

The homogenisation treatment is used to remove the effeofsrapid solidification during
manufacture. In this case, the process of recrystallisation is used to remove thgraintstructure,
as well as the elongated grain morphology. This is why the applied temperatures are higher than for

the solution treatmens.

The HIP process is applied in order to remove any internal porosity. As previously discussed, it utilises
a combination of an external isostatic gas pressure and elevated temperature to force the internal
pores to close, densifying the material. Thypically takes place at similar temperatures to the
homogenisation treatment. Combined with the added plastic deformation produced in the part, this
process typically also leads to recrystallisation as a means to remove-thelia8M microstructural

characteristics.
Finally, the aging treatment is used in order to precipitatedfQ LIK | & S T Naphaseil KS LINRA Y

The amount of microstructural change that occurs with each of the heat treatments depends on the
time and temperature (and pressure for tlvase of the HIP) of the heat treatments, as well as the
amount of stored energy in the material. Due to changes in geometry and processing parameters in
AM structures, each have differing levels of stored energy held within them, and so the extent to
whichmicrostructural change occurs at a given temperature and time may be different for every part.
Additionally, as Inconel 718 is a low stacking fault energy material, it does not readily undergo recovery

meaning the internal stored energy is usually relehBem the matrix through recrystallisation.
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2.5.4.2 The Effects of Post Build Heat Treatments eBulsé LPBF Inconel 718

The standard heatreatment according to AMS 566f8r forged Inconel 718s a solutionheat
treatment at980xC for 1 hout(air cool) folloved by a double age of 720 for 8 hours (furnace cool

to 62xC),and 62&C for 8 hours (air cooJ159]. Comparatively, the heat treatment applied fAMS

5383 is more suitable for large castings of Inconel 718 and comprises of a homogenisation step of
108xC for 1.5 hours (air cool) prior to AMS 5683.the microstructure of AM parts is so different
from both forged, and large scaleast structures, everal researchers hav&udied the effects of
different variations of thesdheat treatments on the microstraare of AM parts. A summary of the

applied heat treatments is presented in Table 4.

The commonality between most papers was the applicatiomdifuble age heat treatment similar to

that of AMS5664. It should be noted however, that slight differences in the speed of furnace cool

were reported between studies. During the first stage of the double age, 8 hours aC72e
strengthening phasesQndloQ Q LINBOA LA G G4 Sd ¢ KA &C idwhichiilgsfmataxg SR 0 @
further homogenises and the precipitates grf@v]. Denget al.[176] and Brenneet al.[180] studied

the effect of applying the double ageeatment directly to asbuilt material No visiblechanges in
microstructure were observettom the asbuilt condition under SEM analysis as shown in Figure 25.

This wagrimarily due to the temperatures being too low to dissolve the Laves plaaskselase the

precipitating elements into the matrix.

Figure25: Microstructure of LPBF Inconel 718 after application of a direct age. The sub grains and cellular
structures are still visible with large amounts of Laves phase preasarcellular interfaceq176]. Reproduced
with permission.
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Table4: A review of the Feat treatments applied toasbuilt Inconel 718 samples in the literature.

Homogenisation

Author HIP Processing Treatment Solution Treatment| Aging Treatment Notes
1163¢C, 4 hours, Vacuum anneal: Anneal performed
0.1GPa pressure, 982C. 0.5 houré first, followed by

argon atm e HIP
Amato[17] Vacuum anneal
Vacuum anneal:
1160C, 4 hours performed solely
' for comparison
Double age
. 1) 720xC, 8h,
Wang[163] QSO(CEiOr;w’ ar (furnacecool)
2)620xC, 8h, (air
cool)
Double age
Moussaou27] oligggﬁs hqurs, | 980C, 1h¢i')ur, air (%L)Jr7r]2a(c);§c§2|‘)
. a, air coo coo 2)620, 8h, (air
cool)
Double age: Study performed a
980<C, 1 hour, air 1) 76C, 10 hours, comparison
ool (Furnace cool for 2 between_
hours) HT1: solution
2) 650, 8 hours treatment and
. double gaining
StioBner[181] Double age: procedure only,
. 1) 760<C, 10 hours, and
1065<C, 1 hour 980@;30% ar (furnace cool for 2 | HT2: performing an|
hours) additional
2) 650, 8 hours homogenisation
step beforehand.
Performed
1) ?;g(glesar?e: cor::ltf)];f][’ftirgn of
, 8 hours,
Deng[176] 1080¢C, 1 hour, 980xC, 1 hour, (furnace cool at thesir? :)T:je; ts(;ages
(water cool) (water cool) 50xCan hour) .
2) 620C, 8 hours understand which
(air cool) would I_ead to an
optimal
microstructure
Double age: Performed
1) 720«C, 8 hours, di
ifferent

Chlebuset al.[131]

1 hour at 988C OR
1040«C OR 110@€C

(furnace cool at
100xC an hour)
2) 620, 8 hours

homogenisation
treatments prior to

(air cool) double age
Singleage:
1040<C_ , 2 hours 700xC, 28 hours C_ompared the
(air cool) microstructures
OR . .
OR Double age: obtained using
Raghavaret al. 1100<C, 2 hours, ge: different
) 1) 720<C, 8 hours, L
[179] (air cool) combination of
(furnace cool at L
OR homogenisation
1200<C, 2 hours 100 an hour) and aging
N ! 2) 620, 8 hours
(air cool) . treatments
(air cool)
Double age:

Aydindzet al.[173]

1150«C, 4 hours,
1000bar (furnace

1000¢C, 1 hour (air

1) 720, 8 hours,
(furnace cool at

Performed either
solution treatment,
solution treatment

cool) 50xC an har)
cool) 2) 621C, 8 hours and age, HIP, or HI
j and age
(air cool)
A) 1080, 1.5 Double age:
hours, (furnace 1) 720, 8 hours, Performed
cool) (furnace cool at A + double age,
Gaoetal.[172] OR 55xC an hour) B+ double age, and

B) 988C, 1 hour,
(furnace cool)

2) 62XC, 8 hours
(air cool)

A + B + double age

Perianeet al.[68]

1160«C, 3 hours,
102MPayapid cool
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1160<C, 3 hours,
102MPa, rapid cool

Double age
1) 720xC, 8h,
(furnacecool)
2)620xC, 8h, (air
cool)

Lesyket al.[189]

1160«C, 3 hours,
160MPa, rapid cool

Kanget al.[190]

980xC, 1 hour, air
cool

Double age
1) 720xC, 8h,
(furnacecool)
2)620xC, 8h, (air
cool)

1200<C, 4 hours,
103.4MParapid
cool

Double age
1) 720xC, 8h,
(furnacecool)
2)620xC, 8h,(air
cool)

Parket al.[174]

980xC, 1 hour, air
cool

Double age
1) 720<C, 8h,
(furnacecool)
2)620xC, 8h, (air
cool)

1200<C, 4 hours,
103.4MPa, rapid
cool

Double age
1) 720<G, 8h,
(furnacecool)
2)620xC, 8h, (air
cool)

Tuchoet al.[177]

1100«C for either 1
hour or 7 hours

1250«C for either 1
hour or 7 hours

Brenneet al.[180]

550xC, 1 hour, air
cool OR,
700xC, 1 hour, air
cool OR,
1000«C, 1 hour, air
cool

Double age
1) 720xC, 8h,
(furnacecool)
2) 62XC, 8h, (air
cool)

Gruberet al.[187]

1150«C, 4 hours,
100MPa

1100<C, 1 hour
Or
1065«C, 1 hour

Double age
1) 720G, 8h,
(furnacecool)
2) 62XC, 8h, (air
cool)

Applied a stress
relief stage before
removal from
baseplate:
1150<C, 6 hours or
1065¢C, 1.5 hours

Schneideet al.
[191]

1163«C, 3 hours, ng
pressure given

1163C, 1 hour

1010<C, 1 hour

954xC, 1 hour

Double age
1) 720G, 8h,
(furnacecool)
2)620xC, 10, (air
cool)

Comparison of
different
combination of all
heat treatments.
Some had a stress|
relief treatment of
1066« for 1.5
hours applied
before.

From here, the majority of papers deviated from one another and focused on investigating the effects

of various combinations of heat treatments at different temperaturesgeneral, the solution heat

treatment temperatures were clustered around either 980for about 1 hour (onlpne study

reported a dwell of 7hours at this temperaturg117]), and the homogenisation heat treatme

temperatures were found to beabove about 1084C for approximately 1 houSome studied the

effeds of holding the homogenisation time for an extended period of time, for example 7 hours, and

compared this to the effects of allour dwell Those who investigated the effects of HIP, tended to
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perform these first, followed by different homogenisationdasolution treatments. The results are

detailed below in sections corresponding to the heat treatment temperature cluster they belong to.

Solution Heat Treatment below 1630
CKSNE A& |y 20SNII LI AY GSYLISNI GdzNBlI 06 B8gESYlI ¥R éK
iKSe RSSY KAIK Sy2dAK G2z OFff | WK2Y23SyAraldazy
review, all studies that report a temperature below 18Q0will be discussed in this section, and all
other studies will be discussed inthe3é A 2y S Wl 2Y23SyAal A2y Qa5 G ¢ NS

The large volume of work that has been reported this topic haggenerally come to the same
conclusionsAfter a low temperature solution treatment, the elongated columnar grains and sub grain
cellular structuresspecific toLPBFare still evident Brenneet al. [180] studied the effect of three
different solution heat treatments prior to double ageing, %60 70&C and 100&C for 1 hour, and

observed no difference in grain morphologytexture between each sample.

Looking within the grains,dat treatment temperaturesaround980xCfor 1 hourare generallynot
sufficientto remove all of the celluladendritic microstructural features of AM parf&17], [163],
[172], [174], [176], [180], [181], [190], [192However, Aydinoet al.[173] report a sharpening of
these cellular structures due to a reduction in the amount of dislocatiatisrweach cell boundary

region (at 100QC for 1 hour). This is likely due to the process of recovery.

Most studies report only of the partial dissolution of the Laves phase during solution heat treatments
[117], [172], [176] The dissolution of the Laves phase relsadh atoms. As th@recipitation
temperature oft -phaseoccurs between 78@80xC, thel phase mops up the released Nb atoms. As
such, it is common to obsenimth Laves and-phasein microstructures heat treated to about 98D

for 1 hour[117], [163], [172], [176], [190], [L92An exam{e of this is shown in Figure 26a and26
In this case, the Laves phase isrfd at cell boundaries, whilst thephase is reported at both cell or
grain boundaries, anaithin the 2 matrix [163], [172], [176], [190]Thet phase has a high aspect
ratio, with dimensions in the range of a few hundred nanometres in width, a&ahi in length[172],
[176]. Because of this, it is described as being neéikilein shape. Tuchet al.[117] showed that an
increase in the dwell time of the solution heat treatment (3Z) from 1 hour to 7 hours, causes the
length of thel phase preipitates to increase. Figure 26¢c anddZhowthat they can grow to jdm

in length.

It has been suggested that the precipitationiophase during these low temperature solution heat
treatments prevents grain growth through grain boundary pinning, with this being one of the primary

reasons as to whiyo major microstructural changes are observed during these heat treatnfen?s
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In addition to this, grain boundary pinning can enhance the strength, crack initiation resistance and
creep resistancef a final component. Ihas been shown by Ga al.[172] that the presence of the
L phase at grain boundaries acts to increase the strapture life and high temperature tensile

strength of the mégerial.

However, the presence of a high amount gghase within the grains ultimately weakens the material
[117]. This is due to its incoherent nature, the fact that it removes Nb from solutiadQ€» LINB OA LJIA G | {
is reduced, and the increased potential ferack initiation due talislocation pile up surrounding the

precipitates[173], [193]

Figure 26e and Z6show two high magnification images displaying the mixture of Laves phase,
carbides and phase precipitates present between the cell structures after heat treatment ax@50

for 2 hours. As the precipitation of theQand oQIIK | 4 Sa 2 00dz2NJ 6SG ¢SSy cnnx/
amounts of these phases may also be present after low temperature solution heat treatfd8ais

They are shaped like ellipsoidal discs, and have been measured to-B&&% in length, and 11nm

15nm in width after a low temperature heat treatment up to 7 ho[k7].
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Figure26: Heat treated microstructures from three different studies; a and b) microstructure of LPBF Inconel
718 after solution treatment of 988C for 1 hour (water cool) before a double age heatatment. Both
Laves and phase precipitates are present, with these being comparatively coarser than after the
application of a direct double age heat treatment §nshown previously in Figure 25 he Laves phase is
primarily found at the grain boundarie while thet phase is found within the grainfLl76] (Reproduced with
permission) ¢ and d) showshe comparison of the phase precipitates after solution heat treatment at
970xC for c) 1 hour and d) 7 houf$17] (Reproduced with permission)e and f) microstructure of Inconel
718 manufactured using a high laser power d®N after a 2 hour heat treatment at 85 followed by an
air cool. The heat treatment did not trigger recrystallisation and so precipitate structures are observed to be
stacked in thin columns associated with the cellular solidification geomdtt92] (Reproduced with
permission)
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Liuet al.[194]utilise a heat treatmentoy cdon x /T 2 NJ vwed by K oleldEhedk tebitieht at
ManHnx/ 0S3G6SSy imorderyoiRora quiakly ¥edugedné $olume of Laves phase present
at the intercellular regions of a DED manufactured samphe initial heat treatmentesults in the
growth of needle lil§ phasefrom the intercellular Laveseffectively cutting the Laves phase in to
smaller, disconnected regions. Upon solution heat treatment at the dissolution temperature of the
phase the needles are removed, leaving dispersed regions of Laves phhie.reduces the
interdendritic Nb concentration and increases the intradendritic Nb concentration in a shorter period

of time than if solution heat treatment was applied directly.

Solution Heat Treatment around $80+ Double Age
Several authors also iastigated the effects of applying a double age directly after the low
temperature solution treatment of 98 [181][190]. In addition to thel phase, they reported the
presence 0bQ 0@ ®R & A b Kakrif. AditieSphase mops up Nixdm the o matrix, and these
precipitates form during the solution heat treatment prior to the double age, there is a depletion of

aQpbaseprecipitatesimmediately surrounding thé needks. This is shown in Figure [2B1].

d-pl‘ccipilzltcs\
l v"-depleted zones

y"-precipitates

Figue 27: 8 STEM micrograph showing indonel718 solution treatmentat 980 C and double age,)b
higher magnification image showingQadnd 1 -phase precipitates[181] (Reproduced with permission).

Homogenisation Heat Treatmt above 1006C
Generally, as the homogenisation temperature above(kQr dwell time increases, the volume
fraction of remaining cellular structures and segregated elements decreases. If the driving force is
sufficient, the volume of recrystallised neatal also increasdd.17],[176], [179], [187] This provides
the o matrix with a higher volume of Nb in solutighl7]. These temperatures are also near the
dissolution temperature of the phase[131], [172F[174], [181] resulting in the reduced ability for
this phase to formj172], [176]
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The driving force for recrystallisation depends on the stored energy in the material. This is enhanced
by the applicationof external pressure (in the case of HIP). As such, dislocation pile up near
precipitates, or plastically deformed voids, can increase the driving force for recrystalligat8inAs

these aspects are so varied between studies, only some authors report the occurrence of
recrystallisation in their samples during homogenisation heat treatments. A review of the literature

surrounding recrystallisation dungy HIP and heat treatment is outlined in the next section.

After high temperature homogenisation, several authors report the presence of small amounts of Nb
and Ti rich metal carbides, both at grain boundaries and grain intgfi8fg, [172], [174], [179], [187],

[190]. Fine carbides are usually present within the segregated material at cell boundaries in the as
built condition and these can remain in the microstructure after recrystallisationssotition of the

Laves phasdn one study, in which the material recrystallised during homogenisation, the size and
volume fraction of these carbides increased as the homogenisation time increased at a temperature
of 118xC[195]. Conversely, in anothestudy in which the microstructuresainot recrystallisethe
columnar grain widths were shown to increase as the homogenisation temperature increased from
104xC and 1204C. The authors attributed this to a reduction in grain boundary pinning due to the
reduction in segregated phases, and MC particles, as the homogenisation temperatures increased
[179].

Similar to the effects of phase, carbides can aid pinninggrain boundaries, increasirgjevated
temperature properties. However, they can also result in a detriment to mechanical properties if

present in too large a volume, especially when tightly spaced along grain boun@aiies

Recrystallisation in AM Samples
If the material contains sufficient driving force for recrystallisation, it will recrystallise under the
application of a high temgrature homogenisation treatment or HIP treatment. The driving force for
this has been identified to originate from either high lattice strain and dislocation density gradients
[150], [177], [196]or the energy associated with high grain boundary surface areas, both intra
granular[131], [142]and at the edges of discontinuitig56], [197] Most studies utilise different
sample geometries and processing parameters, resulting in differemidismicrostructures. Because
of this, the majority of studies will deduce differing results as to achievirmgstdlisation for a given
heat treatment procedure. An dsuilt part is more likely to attain a recrystallised microstructure after
HIP due to the additional plastic deformation introduced into the material by the isostatic pressure

applied.

Upon recrysdllisation, the resulting microstructure no longer contains cell structures. It is equiaxed,

strain free, andontains twin boundarieAdditionally, thepreferential alignment of the crystal planes
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with the build direction (usuallylserved in adbuilt AM samples)may reduce resulting in randomly
orientated grains. Each grain contains a homogeneoustrix, however, it has been observed that
fine carbides can still be present within tleematrix after recrystallisationTheseaspects are
demonstrated inFigure 28a and 28Bhe size of the recrystallised grains depend on several factors
including the time and temperature of the heat treatment, the original grain size, and the amount of

stored energy in the material. This was previously discussed in S&c3i@n6.

IPF//
Building
direction

Figure28: a) EBSD IPF map in the build direction of LPBF Inconel 718 after HIP at 103.42MPeC,120@
hours followed by a standard double ad&90] (Reproduced with permissionk) SEM image of LPBFetmel
718 after Homogenisation at 108C for 1 hour followed by a standard double ad&76] (Reproduced with

permission) Carbide particles can be seen within the grains.

Generally in the literature, no recrystallisation was observed in samples below@@00any period
of time [173], [174], [180], [190]At temperatures around 116C, some studies started to identify
either patial or full recrystallisation after an annealing time of above 1 hour. For other studies the

annealing time and / or temperature required was higher.

For example, Gaet al.[172] report a recrystalsed microstructure after homogenisation treatment

of 1080«C for 1.5 hours with a furnace cool followed by a double age. However, @eaaig[176]
applied the same homogenisation temperature for 1 hour followed by a double age and did not
achieve recrystallisation. Nor did Ceal.[116] after a 1 hour homogenisation treatment of 1065

and double age, or Tuckhet al.following 1 hour at 110@C[117]. Tuchcet al.[150]only achieved full
recrystallisation at this temperature (11Q0) after a 7 hour dwell time. Raghawetral.[179] applied

a higher temperature solution treatment of 126D for 2 hours prior to double ageing and still did not
achieve a recrystallized microstructure. Instead, they report on substantatigrof the asbuilt

columnar grains.
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However, Tucheet al. [177] did achieve full recrystallisation after homogenisation at 14Bdor

30minutes less than Gaet al. [172]. In the same study, after the application of a temperature of

125«C for 1 hour, substantial grain growth was observed. This suggests complete recrystallisation

was achieved at the higher temperature. Schneidenl. [191] also achieved recrystallisation after

gKEG GKSe (88WQlf OWDHIASENIavdB K2 dzNBR O F2ff26SR o6& |
8 hours), but do not report the occurrence of recrystallisation after the stress relief cycleltisly.

possible that recrystallisation occurred in this sample due to the aigiti f G AYS &LISyd |
however this is not likely as the authors do not report the occurrence of recrystallisation after a
az2fdziazy GNBFGYSYlG o6mnmnx/ FTAhWdean treétrdedudldpplidddnt f 2 6 SR
addition to the stress relief ansingle age increased the number of visible twins in the material, which

is an indication of recrystallisation. This was observed qualitatively from optical micrographs only. This

result is supported by the work bgtréRneret al. [181] who report a patially recrystallised
microstructure (with grains still orientated in the build direction, although reduced) after a heat
GNBFGYSYyd 2F mncpx/ F2NI mK2dz2NE F2tft26SR o6& dynx/
etal.[131]]NBLR2 NI LI G6OKSa 2F NBONBaGIttA&AFGA2Y | FGSNI
aging.

The application bHIP increases the likelihood of recrystallisation. In general, the HIP process cycle is
longer than that of the homogenisation steps detailed earlier, with many studies applying the HIP
temperature and pressure for-8 hours instead of just 1. In additiao this, samples are usually

exposed to the ramp up and down the HIP temperature and pressure, further extending the time
spend at elevated temperature. As opposed to the application of just heat, the HIP exerts pressure on

the microstructure which lead® plastic deformation, and an increase in the local misorientation
gradients in the microstructure. This increases the driving force for recrystallisgtial, [190]

Because of this, the majorityf studies that apply HIP achieve a recrystallised microstructure. Most
studies perform a <our HIP, with temperatures between 118H nnx/ X YR | NR dzy R
pressure[50], [173], [174], [19Q]Moussaouiet al.[27] performed an additional solution treatment
Opynx/ I m K2dzZNE | AN O28imbcoSO0BSByHat B EKNBEENKAARAL (
achieved full recrystallisation. It is not clear if all of the recrystallisation occurred during the HIP
process (note, 3 hours instead of 4 hours), or if the extra hour ak®gfrovided the necessary

addtional time in order to produce a recrystallised microstructure at the end of the full heat treatment

process.

Interestingly, Amatet al.[17] performed an annealing step (982 for 0.5 hours) prior to HIP (12&3
100Mpa, for 4 hours) and achieved less recrystallisatiechO% volume fragon) than after direct

annealing at 1164C for 4 hours (>50% volume fraction). This suggests that in this sample, recovery
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may have taken place during the pF#P anneal, reducing the driving force for recrystallisation before

the HIP cycle.

This is a god time to indicate that none of the investigations commented on the time required to
ramp up to the heat treatment temperature applied. As some recovery is possible during a slow ramp
up, it is possible that samples that underwent such a heat treatmedtléss driving force available

for recrystallisation once the correct temperature had been reached. Each study also tested samples
of differing dimensions that had been built with different processing parameters. This is why some
authors report on recrystésed microstructures after homogenisation treatments only, while some
require the additional pressure from the HIP to enable recrystallisation to occur. Therefore, for a set
heat treatment temperature and time, the occurrence of recrystallisation in Shdlerials is

dependent on the geometry and printing parameters utilised.

It is also difficult to state a homogenisation temperature and time that will definitely induce
recrystallisation in any sample, as this would cause excessive grain growth in dosebédhem,
leading to undesirable properties. There exists a traffebetween the microstructural benefits of
recrystallisation, and the detriments associated with grain growth, and thus careful consideration of

the annealing time and temperature areqeired.

The literature does suggest that recrystallisation is more likely if medium temperature annealing
treatments are prevented prior to those performed at elevated temperatii€d]. It can be impéd
from this that a faster temperature rampp for recrystallisation heat treatments may enablem

recrystallisation to occur.

Can an Ideal Heat Treatment Procedure be deduced from these results?
For an ideal materiathere should be n@ phase precipitation within the grainsefore aging. This
would enablea high volume fractionf oCand oQtQprecipitatein this region during aging, withnly a
avylrff FNI Olpkegipitatirgy Bt grain hdénbadies. Achieving thigjuires a weldesigned
homogenisationor HIP treatment prior to agingin order to eliminate the subkgrain dendritic
morphology and Laves phaseithout enabling the precipitation of phase within the grainsThe
homogenisation or HIP time should be chosen to prevemessive grain growth as this causes a
reduction in strength. It is beneficial to have a small fractionfiase at grain boundaries to enhance
the strength of the grain boundary region. In order to achieve this, a solution heat treatment should

be perfomedbetween the homogenisation and aging st¢pg6].

Figure 2%hows the result of applying different solution treatments (in the range of@8WC for 0.5

¢ 4 hours) to a previously homogenised AM microstruct[ir®3]. + -phase nucleates at the grain
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boundaries and grows towards the cemtf the grains. This is most evident between 92MxC. The
larger the number of nucleated precipitates, the more they grow towards the centre of the grain. This
is because the Nb atoms at grain boundaries will be taken up by other nuclepteatse partiles. As

the temperature increases from 94BOXC, the precipitates become smaller and less elongated,
precipitating mostly at grain boundarieghich is more desirabldt is clear thathe appliedsolution
treatment should be kept shortandno temperatue drift from 980C should be allowetb prevent

excessive growth of the phase.

The precipitation 0bQ Q LK I aSa Oly GKSy 02YYSyOS | FG4SNJ GKS
heat treatments in the form of the standard double age. However, the duraimhtemperature of

an ideal homogenisation treatment still depends on the amount of strain energy in the part. It has
been mentioned numerous times throughout this thesis that the laser parameters, machine utilised,
and geometry printed greatly affect theesulting material strain and therefore, the selection of

appropriate conditions for the homogenisation treatment remains a difficulty for AM processing.
10pm 900°C 920°C 940°C 960 C 980°C
L — P » r . P L Y ) g o, .

0.5h

Figure29: Amount and morphology of phase particles in samples heat treated between 9980xC for 0.5,
1, 2, or 4 hours after initial HIP cyc|&93] (Reproduced with permission)
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2.5.5 MechanicaProperties

2.5.5.1 Hardness

The simplest form of mechanical testing is hardnesid therefore, many studies report on this
property [173], [176], L92]. Vickers hardness measurements are performed by producing a square
based pyramidal indent on the surface of a material. A simple equation linking the applied force and

the surface are of the indent allows the material hardness to be determined.

Denget al.[176] observed that the hardness of samples built in the vertical and horizontal dinsctio
were approximately similar. In general, theladlt hardness of SLM Inconel 718 samples was in the
range of 286825HV[167], [173], [176], [177], [192]The minimum hardness achieved by AMS 5662
for Inconel 718 bars is 350Hv, and seba#t samples do not meetis requiremen{176]. This is due

to the lack of strengthening precipitates present in thebadit state. Independent of heat treatment
route, for example, homogenisation and solution temperatures, after a double age, the hardness of
samples increased to approximately 4805Hv [173], [176] Without the agng step, a
homogenisation of 100€ for 1 hour followed by an air cool leads to lower hardness values (258
280HV), with this value decreasing with increasing homogenisation temperature and time (207Hv for
1250C/7h)[173], [177] The application of a HIP treatment with and without subsequent aging leads
to hardress values in the range of 4800Hv, and 23310HV, respectivelld 73], [176], [192]

If there is sufficient difference in the height of the hardness measurement along an AM sample in the
build direction, a difference in hardness can be obtained. This is due to the differences in cooling rate

between material close tdie baseplate (heat sink) and material further from t26].

2.5.5.2 Yield strength, Ultimate Tensile Strength (UTS) and Elongation

¢SyaArtsS (GSadAy3a LINPOARSAE AYTF2NNIGA2Y 2y GKS @&AS
Modulus, and ductility of the material by applying a uniaxial tensile force to alsaatm constant

strain rate until fracture. Tests can be performed at room temperature or at elevated temperature.

The latter would allow a strength value more representative of the material behaviour when in service

to be obtained. For Inconel 718, a tgpl high temperature test condition would be performed at

650xC. According to ASTM ES8 for the tensile testing of metals, a strain rate of between 0.05
0.5mm/min is required[198]. In many studies, the LPBF tensile properties are compared to
traditionally manufactured Inconel 718, however there is no consistency in the method of

manufacture of the control sample between studies.

Due to the preference for grains to orientate with theireferred growth axis along the growth

direction, there is directionality in the tensile mechanical properties of samples manufactured (and
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tested) at different orientations. For example, elongation is higher in samples tested parallel to the
build directian whilst yield strength is higher in samples tested perpendicular to the build direction
[131], [176], [199] This isdue to differences in thermal history, solidification rate, deation
accumulation and number of grain boundaries located perpendicular to the loading direction,
between samples manufactured at different orientatiofis6]. The difference in the mechanical
properties of samples built at different orientations decreases with an increase in heat treatment

temperature and durationThis is due to progressive homaggation of the materia]176], [181]

Large differences between the mechanicaberties intension occur as thasbuilt LPBF sample is

heat treated An overview of the measurements identified in the literature are summarised in Table
5. In general, the abuilt samples show inferior yield strength and ultimate tensile strength in
comparison towrought Inconel 718, both at room temperature and at 650172], [179], [192]
However, they do achieve higher elongation;3®%6, versus 124% for wrought material at room
temperature[172], [191], [192] Direct aging of the asuilt samples in one study lead to an increase

in yield strength from 690MPa to 1269MPE91]. Heat treatment atm n n n X / K ladiN b /
reduction in yield and UT&73]. This is due to a decrease in dislocation density, the presenae of
small number of incoherent precipitates that do not produce strengthening effects, and the
dissolution of Laves phase, leading to a primarily single pbasatrix strengthened only by solid
solution strengthening. Comparatively, heat treatmentyap /720/AC lead to a slight increase in
yield strength (875MPa) and UTS (1153MPa) and a drop in elongation (17%) as compared-o the as
built condition (668MPa, 866MPa, and 22% respectively). This is attributed to the lack of recovery of
the asbuilt microstrudure, decrease in laves phase, and increase in volume fractianpblase
particles at grain boundarig492]. Above 65& [ however,anyaQgPecipitatesin the matrix coarsen

and NJ y & F 2 NJY, whick reduces fiielstéeSgth of the matrix and limits the strength obtainable

by this heat treatment.

The combined application of a higher homogenisation temperatuna afn n x / kfoldiskkby &

R2dzo0f S +F+3S 2F THnAnx/ kyKkC/ G2 cHuHnx/ kyKk!/ SylofS3a
releasing NbfooQ Q LINBS OA LA G G A 2y T f& dzLIKINBeRabl8sstahlefcdhera® N | G A 2
andoQQ LINBOALMAGEGSE G2 FT2N¥Yo ¢KS NBadzZ GAya &raAStR
10701240MPa, and 1320450MPa respectiveljl31], [172], [173], [179], [191]A sweet spot in

GSNy¥a 2F Kz2y23aSyratdarazy GSYLSNY GdzNB a8Sya (2 o8
0St2¢6 wmnnnx/ 3 (i &dudedNE, 179} Kdegd | athalz®genidation temperature

2F wMHnnx/ F2ftf 2 gl&Ro adyeld strengt? aizd UTS ofl 8388MPa and 1330MPa
respectively[173]. Additionally, as the application of mmgenisation temperatures around 1010

Mmnccx/ AYONBF&aASa Ay GAYS LINA2NJ (2 F3aASAy3as GKS
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compared to after the application of homogenisation for 1 hour prior to aggifig)]. This is likely due
to the loss ofstrength provided byesidualstressand dislocatiometworksasthe material recovers

or recrystallise$176].

HIP processing aloren asbuilt samples generallyesultsin the lowest yield strength values (430
645MPa), these lying below those for thelaslt sampleq173], [192] This is due to the material
homogenising and softening during recrystallisation, after which the mygjofithe strength in the
material arises from solid solution strengthening. A corresponding increase in elongation to 38% was
recorded, and UTS values in the range of-8@35MPa were achieved. This shows that the material
allows a much larger amount of wohardening after HIP. Even after adding an aging treatment, yield
and UTS strengths in the range of 11I5MPa and 13#&315MPa were observed respectively

[173], [192] This is still below the values attained after horanigation and ageing.

When tested at elevated temperatures, for example at $90.PBF samples heat treated with an
optimised schedule have been shown to observe similar or higher yield and UTS than wrought material
[172], [192]

Each of the samples in these studies were built with differing process paramatedifferent
machines, and had different geometries. Therefore, the thermal history and microstructure in each of
the parts will have been different, and so the effects of a similar heat treatment will have had different
effects on the material in eachigly. This has knoedn effects on the mechanical properties, proving

the difficulty in understanding the performance of even a single material produced by AM.
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Table5: Mechanicalproperties obtained from tensile tests on SLM and heat treated Inconel 718 samples.

Samples if179]¢ S NB

performed werel (i

LINARY GdSR |

lj

n x X tomhe bulld patformn order fo bbtann x =
average values of properties. Other samples were builii  cn x0 daA2t G4 K& I G F 2 NIV @

Test Heat Treatment Yield Yound3 Elongati UTsS Hardne
Temperature Strength Modulus on (MPa) SS
(MPa) (GPa) (%) (HV)
Raghavaret al. Room Temp AsBuilt 621 29 967
[179]
Room Temp 1040C/2h/AC + age 1210 18 1400
Room Temp 1040C/2h/AC + 1210 19 1410
TANnx/ KHY
Room Temp MMAAX/ KHKK 1140 18 1320
Room Temp MHAAX/ KHKK 828 22 1130
Room Temp Rolled + HT 1093 20 1330
Aydindzet al. Room Temp AsBuilt 580 845 320
[173]
Room Temp Mannx/ kKmK 535 870 280
Room Temp HIR 430 875 230
MMPAX/ KM
Room Temp Mmannx/ Kk mKN 1240 1400 515
Room Temp HIP + age 1100 1315 440
Popovichet al. RoomTemp AsBuilt 668 173 22 866 287
[192]
Room Temp ypnx/ kKHKI 875 190 17 1153 360
Room Temp HIP 645 188 38 1025 310
MMY nX/ KMPp N
RoomTemp | | Lt b wmMncp] 1145 190 19 1376 468
Tcnx/ kmnKK(
h/AC
Room Temp Wrought 916 200 17 1055 353
cpnx/ AsBuilt 650 28 845
cpnx/ HIP 626 29 857
MMY AX/ KMP N
cpnx/ | 1Lt b mMncp] 942 20 1078

Tcnx/ kmnKK(
h.AC
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cpnx/ Wrought 955 14 1061
Schneideret al. Room Temp AsBLuilt + age 1269 15 1739
[191]
Room Temp AsBuilt 698 33 995
Room Temp Asbuilt + 859 34 1171
1066/1.5hr/WC
Room Temp MamMnax/ kmK 1238 19 1379
RoomTemp | mnccx/ kHK 1 1203 22 1390
+age
Room Temp Mmnccx/ KHK 1087 23 1385
1163/3h/no pressure
IABSYy b dp
Troschet al. Room Temp 980xC/1hr 1180/1185 20.4/18. | 1400/138
[199] +age(718,621) * 6* o*
450xC 98xC/1hr 1026/1046 15.9/13. | 1160/121
+age(718,621) * ™ o*
650C 980xC/1hr 860/862 14.2/7.9 | 992/1026
+age(718,621) * *
Room Temp Forged Control 1192 19.1 1380
Gaoet al.[172] Room Temp AsBuilt 848 22.8 1126
RoomTemp | Mmnynx/ km®dp 1173 135 1450
Room Temp dy nx/ KmKNX 1084 10.1 1370
Room Temp MAYyNnx/ KMoy 1046 12.3 1371
dy nx/ KmKNX
Room Temp wrought AMS 5662 1030 12 1280
cpnx/ AsBuilt 677 40 914
cpnanx/ | maynx/ kmodp 914 22 1091
cpnx/ dpy nx/ kK mKNX 773 18 992
cpnx/ MAYy nx/ KMoy 965 21 1126
Gy nx/ KmKNX
cpnx/ wrought AMS5662 862 12 1000
Chlebuset al. Room Temp AsBuilt+ age 572 162 19 904
[131]
Room Temp MMAnaXx/ kmKN, 1074 163 19 1320
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2.5.5.3 Creep Behaviour

Creep is plastic deformation that occurs when a part is loaded for long periods of time at a stress level
below its yield point. This can result in component geometries that are no longer within tolerance as
well as lead to failure by material rupture. time case of turbine blades, progressive elongation can
cause contact with the engine housing, resulting in considerable damage to the engine. The process is
accelerated by elevated temperatures and so reducing the creep rate and increasing the crekp life o

a material intended for use in high temperature engineering applications is impef{a00¢

Depending on the applied temperature and stress, creep can occur due to different mechanisms.
These mechanisms can loosely be divided into diffusitated or dislocation relatefR00]. At very

high temperatures and low stresses, deformation can occur by vacancy diffusion within grains, or at
grain boundaries. In most engineering applications, the working temperatures are lower an@stress
are higher. In these cases, creep depends mostly on dislocation movements such as dislocation glide
and climb[200].

Creep damage occurs by the formation of voids on the micron scale at grain boundaries (usually those
perpendicular to the aplied stresg[112]), or at grain boundary precipitates. As these grow and
combine, the effedve load carrying area of the material is reduced, leading to a loss of stri2tjtla

[204].

Where creep iglislocation driven, is it imperative to strengthen the material against the movement
of these. This can be achieved through a combination of solid solution strengthening, and the
precipitation of second phase particles both within the grains, and to taiceextent, at grain
boundaries[202], [203], [205p | 2 6 SOSNE OF NB Ydzad oS Gl 1&y | &
boundaries during high temperature exposure may lead to cracks appearing, quickly reducing the

strength of the par{112], [206], [207]

The grain boundary also plays an important role in creep. A wider grain boundary area provides a
higher potential for cavity formatio202]. Therefore, the engineering of a material with a high
proportion of low CSL boundaries3 andx 9) is important for creep resistance. In addition, stress
concentrations resulting from dislocation pile up at grabundaries has been shown to cause crack
formation [206]. Therefore, minimisation of theolume fraction of grain boundaries is beneficial for

creep life. This is the notion behind the manufacture of single crystal turbine blades.

Despite its importance, few studies have investigated the creep behaviour of LPBF Inconel 718,

potentially due tothe elevated temperature testing equipment, and time, required for testing. Those
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who have, have performed a variety of different tests including, compression creep [179], [203], [204],

stress rupture creep [202], [209] and two bar specimen creep [208])][2naking comparison

between the studies difficult. Some looked at the aspects of heat treatment [179], [202], [204] while

others investigated the effects of loading orientation [121], [203], [211] and scan strategy [121].
Additionally, although the tesi SYLISNJ G dzNB 61 & aAYAE NI 6SGgSSy aid
in each study differed between 68D0OMPa. Some studies observed a superior creep response [204]
compared to traditionally manufactured wrought material while some observed inferiorgutims

[205], [209], [211], [212].

2.5.5.4 Oxidation Behaviour

Oxidation is a chemical reaction between a metal surface, and oxygen in the air, whereby some of the
metal atoms in the alloy transfer electrons to the oxygen atoms in contact with them. The oxygen
atom then forms an oxide nucleus on the surface of the metal which grows to form the oxide scale.
Once the oxide layer has developed, furtlggowth occurs by the diffusion of oxygen inwards, or
metal atoms outwards, through thijg08], [209] Diffusion increases with temperature, and so the

rate at which oxidation occurs also increases with temperafRi€®].

The oxidation behaviour of metallic samples can be investigated by iegptisem to elevated
temperatures for a specific amount of time and measuring the weight gain per unit(#éegusing
Equation 5, wherev is the mass of the sample at timed, is the starting mass of the sample, and
Y is the surface area of theample [190], [211]

<« T

i

Equation5

=l

Yo

In the presence of a dense and protective oxidation layer, further oxidation of a metal alloy usually
takes place with a continuous reduction in r§#8]. Therefore, when the mass gain is plotted against
time, it forms a parabati shape, whereby the mass gain per unit of time decreases as the oxide scale
grows in thicknes$208], [209] This is the basis of how high temperature materials operate, by
forming a protective oxide layer, further oxidation can be reduced. As the scale can only grow via the
diffusion of elements through both the base material and the oxide, the oxidation rateratspon

the amount of defects, including grain boundaries, present in the material.

The growth of the oxide scale is accompanied by an increase in stress within thf2G@8jetUnless
the thermal expansion coefficient of the oxide scale is the same as the metal substrate, Hzensty
become too large, and cause the oxide layer to crack and spall. This results in the exposure of the base

metal to the atmosphere, leading to increased oxidation of the base metal.
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Alloys for high temperature applications contain elements spedyfisalected for their ability to form
protective oxide layers. Inconel 718 contains2liivt% Chromium, which allows the formation of a
stable and protective chromibased oxide layer, €D, at temperatures between 55850xC [208],
[210], [212], [213] A stable GOs layer slows down the inward diféion of oxygen ions to a point
where there is no longer sufficient oxygen available for the formation gB:CAt this point it is
possible to form Ti@or AkOs at higher temperatureg213], [214] It is important to note that at
temperatures above 90050xC, these chromidased oxides break dowa08].

If the diffusion of Cr atoms in the material is slow, lasgale segregation is present in the material
(such as for large castings), or a Cr depleted layer is produced at the metal/oxide interface due to rapid
CrOs formation, it can lead to these atoms being unavailable for continued growth of the oxide scale.
In this case, if other oxide forming atoms are present, either as part of the metal matrix, or within a
2QX O Br MC, precipitate, it is possible to form other oxidation products such as Ni, Ti, Al, Fe, or Nb
based oxide§28], [215k[218]. The oxidation of NbC and TiC can lead to a sudden change in shape of
the carbide as oxidation progresses. This may cause cracks to form leadiidetingress along grain

boundaries into the base metfl90], [215], [219]

Diffusion occurs more readily through grain boundaries than through bulk maf2&hl[215] It has

been shown that the increased number of interdendritic cell boundaries-oudsLPBF Inconel 718
leads to the faster formation of a stable oxide film tharbwoth cast and forged Inconel 718. This is
because cast and forged materials have larger grain sizes and elemental segregation dj2t&jces
[217]. Similarly, the slower solidification rates in electron beam AM (EBM) samples produce a
comparatively larger dendritic solidification structure than in LPBF, leading to slower oxide formation
[214]. Additionally, a coarser dendritic structure leads to the formation of a coarser oxide layer while
a finer microstructure enables a more fine grained oxide layer to form, which provides enhanced

strength[28].

Asbuilt Inconel 718 contains a high level of interconnected grain boundaries, few of which are special
boundaries, which can lead to an increased penetration depth of the oxide along these boundaries
compared to in recrystalliseahaterial[214]. As the volume of oxygen that is able to penetrate along
grain boundaries is lower than that available on the surface of the compo@efls may not be able

to form. Inthese cass, elements with a higher affinity to oxygen from oxides. Therefore, it is common

to form TiQ or AbOs along grain boundarie@14].

The anisotropic microstructure observed in‘@asdlt LPBF matials is also reflected in the oxide
thickness formed on different faces of a compong0], or at different printing orientation§218].

In the presence of defects such as pores, the diffusion of oxygen into the material is faster, leading to
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an inhomogeneous oxide scale. This leads to the production of varyirsgesracross the oxide scale
which may increase the likelihood of oxide cracking and spallf2®inAfter spallation, it is common
for nonprotective Ni, Nb or Fe oxides to form. This is due to the lack of Cr still present at the

metal/oxide interface as they have already been consumed by the original oxid@&])m

Many studes investigate the oxidation behaviour of LPBF Inconel 718 at tempearturesx& aod
above [210], [214], [218] This can potentially release harmful oxidation products and may not
necessarily be representative of the oxidation kinetics at the maximum working temperature of
Inconel 781; 654C. In addition to the @Ds scale, the oxides reporteto have formed in Inconel 718

at these temperatures are: TiNB(214], NiCsO, and NiFe0O,[28], [210] and Si@[210]. At lower
oxidation temperatures such as 68D, a small number of MN®s, NiCsOs, or a mixture of NiO and

Cr0; particles, have been shown to form within the stable@scale[221], [222]

2.5.5.5 Fatigue Behaviour

Most often, components in operational amhines fail due to fatigue. This is the repetitive loading of

the component at stress or strain levels below the yield strength of the maf2gal. The process of
fatigue begins by the formation of small cracks at stress concentrations. In bulk samples, as the crack
length increases, plastic deformation occurs at the crack tip and the crack slowly orientates
perpendicularly to the applied stress ajk23]. Furthe loading cycles cause the crack to grow until

the material is no longer strong enough to hold the applied load, and fracture occurs. Crack initiation

and small crack growth may occur in several places at once within the material.

Several different typesf fatigue tests have been performed on Inconel 718 samples manufactured
by AM. These are four point ber[88], [224] tensile [225], [226] in plane bendind227], and
rotational [57], fatigue tests. Any defects on the sample surface produce stress concentrations which
accelerate the formation of slip bands. Therefore, the majority of fatigue fractures start on the surface
of a sampld223]and in theiterature, samples with polished or machined surfaces obtained increased
fatigue lives compared to those with an-hsilt surface finish[224], [228][23]. This shows the

importance of removing the asuilt AM surface prior to allowing a component to go in to service.

A finer grain size and corresponding larger number of grain boundaries increase material strength
which decreases the ease at which small csac&n grow[26]. The directional nature of AM parts
therefore also results in differences in the fatigue properties of a part printed at different orientations
[227].

In comparison to the abuilt material, the application of a HIP@&double aging heat treatment, leads

to a higher fatigue life in a test piece. This is due to a decrease in the amount of brittle phases present,
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as well as an increase in the amount of strengthening phases in the mg@8jalHowever, in
comparison to applying just a HIP (recrystallisation) heat treatment, thecapipin of a short solution
heat treatment (100@C/1h) and double age, which is not sufficient to remove the presence ef sub
grains, also produces a longer fatigue [f&3]. This shows that the material in which dislocation

motion is more impeded, aids fatigue life in Inconel 718.

All studies that investigated the fracture surface of fatigued samples found thaksgrinitiated at

pores in, or on the surface of, the material. Across all studies, this porosity is believed to be the reason
for the reduced fatigue life, and increased test scatter, in LPBF mat@33/$26], [68], [159], [224]

[227]. Therefore, any mthod of manufacture which reduces surface roughness or eliminates internal

porosity is believed to increase the fatigue performance.

2.5.5.6 Summary

The microstructure of LPBF Inconel s been heavily detailed in the literature. However, the
mechanical propdies other than those in static tension have been under reported. In addition to this,
as the mechanical properties of AM parts are so sensitive to the cooling conditions and build
orientations of the part, standard test coupons may not actually be repitasiee of the performance

of a complex component with varying geometries. This is an issue that needs resolving in order to

enable more straightforward qualification processes for industrial components.

In general, it can be concluded that for optimal performance, parts are to be void of internal porosity.
This is to avoid the formation of stress concentrations as well as preventing unnecessary reductions
in strength, fatigue life, oxidation resistancendacreep resistance. Parts would ideally contain a
controlled volume of strengthening precipitates within the grains, and a small volume of secondary
precipitates at grain boundaries to prevent grain boundary sliding. Grain boundaries should be as
coherentas possible to reduce the possibility of grain boundary sliding or oxide ingress. Components
which are not required to have anisotropic properties require heat treatments in order to homogenise

the grain structure.
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2.6 Grain Structure Control and Functbsrading in AM

All of the above literature culminates to this chapter. The aim of this thesis is to utilise the information
gathered on manipulating laser parameters on the AM machines, metal solidification, the phenomena
of recrystallisation, and the walnconel 718 operates as a material system when printed via LPBF, in
order to manufacture components with distinct microstructures within the same part. This section
details the ways in which AM parts have already been functionally graded and outlingapthie the

literature as to how we contribute to the research in Inconel 718.

Functional grading is the spatial altering of material composition or structure to produce
corresponding changes in mechanical properties. The technique can be utilised iredign of
advanced engineering components in order to reduce assembly time, cost, and complexity, as well as
increase functionality; whereby certain regions of a component are tailored specifically to their

required inservice demands.

2.6.1 Functional Grading lMaterial Composition

The gradual variation of material composition from one alloy to another has been studied for a range
of materials[4], [229] Through the use of additive manufacturing, abrupt changes in material
properties that arise by muHinaterial joining operations, such as thermal conductivity and thermal
expansion mismatches, can be eliminatdtiis may lead to a reduction in stress concentrations
present in the component during ug230]. Additionally, in applications where the direct transition
between two alloys may produce undesirable phases, the alloyiegidm brought about by AM may

enable an alternative alloying route, allowing these phases to bestafmed[231].

Due to the method in which metal powder is delivered to the molten region in directed energy
deposition (DED) AM, the progressive alloying of powder is simpler to perform using this technique
than on LPBF machines. As such, a lot of the rebear functional grading via compositional changes
has been performed within the DED contg®]. For example, the DED technique was used to
manufacture low coefficienvf thermal expansion (CTE) radially graded insets for spaft@emels as
shown in Figure 30pacecraft panels, usually manufactured from an aluminium or carbon fibre face
and an aluminium honeycomb centre, have a lower CTE than the inserts used t® sguigment to

the panels. In order to overcome this issue, a linear gradient between 304L stainless steel (with a
similar CTE to the A286 steel bolt) and Invar 36 (with a similar CTE to the carbon fibre panels) was
printed radially on to the A286 steel hoThe graded inserts resisted a higher pull out load than the
inserts made fully of A286 and Invar [3§.
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Figure30: A graded spacecraft peel insert that reduces the mismatch of CTE between the insert and the
panel in which it sits. The figure shows the design of spacecraft panels and the positioning of inserts within
them for clarity of the discussiofd] (Permission for reproduction not required)

Although machine structure makes compositional functional grading easier using DED, Muaitaz

[232] achieved a compositionally graded joint between the nickgleralloy, Waspalloy, and a
ceramic material used in thermal barrier coatings, Zirconia, using the LPBF technique. The graded joint
was sought after in order to reduce the difference in thermgdansion coefficient between the two
materials and so, reduce delamination. In order to achieve the compositional grading, 4 layers
containing waspalloy and different wt% of zirconia were stacked on top of each other within the
powder bed. The human aspeatthis layer stacking method makes it difficult, potentially messy, and
open to errors in terms of achieving an even grading. Nonetheless, it demonstrated the possibility to

achieve compositionally graded structures using LPBF.

2.6.2 Functional Grading by Mastructural Variation
Another method of functionally grading a material is by structural change, either in the form of

spatially altering defect populations, or by producing variations in bulk microstructure. In LPBF, the
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microstructure is manufactured dhe same time as the component geometry. This is variable due to
the cooling rate differences observed by different geometries during solidification. As the LPBF
technique contains a large volume of controllable parameters, each capable of affectingolirgco

rate of the molten material, there are theoretically many different methods in which the solidified

microstructure can be tailored.

Esmaeilizadebt al.[233]investigated the microstructural effects of varying the laser scanning speed
in the LPBF of Hedloy X. They found that higher scanning speeds led to a refinement of the
microstructure through the presence of partially melted powder particles, which locally terminated
epitaxial growth and introduced a random grain sture. This is shown in FiguBd. In contrast, a

low scanning speed led to the generation of more textured and larger grains elongated in the build
direction. These differences led to the generation of variations in strength and elongation across each

sample.

Figure31: Effect of increasing scanning speed on grain morphology in LPBF of Hastelloy X. a) shows the
effects of 8560mml/s, b) shows the effect of 1150mm/s and c) shows the comparative effect of 1300mm/s
laser scanning speef233] (Reproduced with permission)

Another group, utilised laser power to produce microstructurally distinct regions in LPBF Inconel 718
whilst keeping the overall volumetric energy density applied effjal26], [171], [192], [234], [235]

Using this method, they were able to produce regions with large elongated grains and high texture,
using a 950W laser power, as well as fine equiaxedegaiegions with minimal texture, using a 250W
laser power as shown in Figure.3%ing digital image correlation (DIC), different levels of strain were

observed in the two regions during tensile test{od

Although after heat treatment the coarse grained region observed overall better creep properties than
the fine grained region, a high amount of scatter was present in the data due to the coarse grained
region containing four tiras the amount of porosity as the fine grained region. This also resulted in

poor thermomechanical fatigue life in this region. However, when combined, the-matlal sample
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was found to alter the normal mode 1 crack propagation method within the matesidh the
interface between the microstructurally distinct regions arresting or deflecting crack propagation. This
resulted in a longer fatigue life after heat treatment than a sample made from each of the different

microstructures along235].
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Figure32: Distinct microstructural regions witim a tensile bar produced by Popovich et §)] (Reproduced
with permission) The coarse grained region was produced using a 950W laser power and shows a high
degree of texture inthe <001> direction which is aligned with the build direction. The fine grained region
was produced using a 250W laser power and displays a more equiaxed nature with random orientation.

The researchers also found that altering the printing orientationarhgles between vertical and
horizontal elicited variations of each microstructural region, along with a change in stress intensity

range for fatigue crack growt]26].

Also utilising the ability in AM to alter the input energy density, 8ual.[236] were able to create
controlled neighbouring regions of different crystallographic texture in steel. This was achieved by
printing with a low enough energy density that would enable the centrabregf each melt pool to

grow parallel to the build direction, whilst the outer edges of the melt pool grew atxad§le from

this. They found that a higher energy density led to larger melt pools in which all the material grew at
a 45¢angle from the outr edge of the melt pool towards the centre. Sofinowskial. [175] also
achieved spatially tailored textures in 316L stainless steel by modifying the scan angle between layers
asshown schematically in Figure .3®hilst the majority of the grains followed the desired texture in
specific regions, a high area fraction of deviant grains always accompanied this. These may have
different properties to the grains that did achieve the desired texture. In addition tott@gransition
between different textures was not sharp. Nevertheless, an alteration to the grain texture in a

crystalline material has the potential to produce spatially varying mechanical properties.
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Layer by layer scan strategy, seen along Z (BD) Schematic side-view (along X) (a)
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Figure33: Method of engheering grain texture in to AM parts by altering the meander scan angle between
layers[175] (permission not required for reproduction)Grey schematic shows three different methods of
altering the scanning angle lieeen each layer. The helicoidal method involves arbtation between each
layer. This produces a microstructure in which the grain texture alters throughout the build height. In
another cuboidal sample the authors embedded an internal cylinder which \pagted at a different scan
angle than the shell material.

Another method of altering microstructure in LPBF is by utilising post process heat treatments.
Although not achieved using a LPBF machine gBab[237] utilised CNC capabilities to mechanically
deform the solidified surface ofZ16L stainless steel DED printed part in specific locations. Upon post
process heat treatment, the additional deformation induced by the machining tool triggers
recrystallisation leading to twin formation and grain refinement in these specific regiorssisTain
interesting method of achieving site specific properties and increasing twin boundary density which is
of interest in GBE. Howevethis is currently not possible on LPBF machines. In addition, as the
machine tool leads to a gradient of deformatitmom the surface of the material in to the bulk, the
transition between normal AM grain structures and the recrystallised refined grain sizes is transient

which may not be beneficial if a more precise location for grain refinement is required.

Engineeringomponents manufactured by AM are usually consolidated by the hot isostatic press (HIP)

process in order to remove internal porosity. Due to the high levels of residual stress and lattice strain
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in AM parts, this process has been shown to alter thbuak microstructure through recrystallisation.

This effect has been harnessed by a number of authors.

Using the DED additive manufacturing method, dtial. [238] identified bands of coarse and finely
recrystallised regions in their samples after heat treatment fohaur which was found to be caused

by variations in residual stress, and therefore driving force for recrystallisation, between the
overlapping regions of neighbouring hatches, and central regions of these areas. Overlapping regions
were subjected to remiing and rapid solidification, leading to high residual stress whilst internal
regions were only heat treated, leading to a reduction in residual stress. Although not used in order
to manufacture functionally graded components in this study, the printhgarts with a varying

hatch spacing has the potential to enable regions of varying recrystallised grain size to be produced.

During the time frame of this PhD thesis, several papers have been published with the purpose of
altering the grain structure idifferent AM alloys through the use of HIP. Using electron beam melting
and HIP, Hernandddavaet al.[239] generated titanium parts that comprised of precision located
variations in grain size. The authorgmenstrated this by enclosing an electron beam melted outline

of a beetle within a circular cylinder. The material located between the outer shell and the printed
beetle was either loose, or lightly sintered, powder which fully densified after HIP. Taeeddés in
microstructure were found to affect the mechanical properties however, insufficient testing was

performed to confidently state which microstructure showed the best performance.

Kaletschet al. [57] utilised the aspect of HIP induced densification to produce a bimodal
microstructure in LPBRdonel 718 as shown in Figu34 By increasing the hatch spacing over a grid
lasing pattern, regions of dense material were printed surrounding pillars of unmelted powder which
were subsequently densified by HIP. The densified regions in this study were very small, on the scale
of 50>m, however HIP densification of powder encapsulated in a 2mm diameter sphere has also been
shown for TiI6AFV[51]. Although both prgects were initially motivated by an increase in productivity

as well as to obtain a deeper understanding of the pore closure capabilities of HIP, it provides an

example of another method in which microstructure could be tailored.

Interestingly, the micrstructure of Inconel 718 powder densified by HIP is prone to the presence of
alumina (AdOs), slfown by dark regions in Figure ,3@hd other brittle Al and Ti rich particles that reside
between the former powder particlefs7], [240] In the study by Kaletsot al. this led to weak
bonding between the two microstructures which led to fracture during rotation bending fatigue

testing.
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Figure34: Work produced by Kaletsch at db7] (Reproduced with permission which a large hatch
spacing, which resulted in rows of unmelted powder residing between each laser scan line, was used to
produce a bimodal microstrudure after HIP processing. Image a) shows the grid pattern printed with
distinct holes present due to the lack of overlap of the laser scan path, b) shows densified microstructure
obtained after HIP processing the full sample with ¢) showing a closer \6éW). Dark regions in b) and c)
are regions of Al and Ti rich particles such as alumina.

Another interesting method of microstructural manipulation can be identified by performing research
on microstructures that were previously avoided. Lack of fusideale, due to their large and often
unpredictable size, as well as their sharp internal edges, are highly detrimental to the mechanical
properties of any engineering component. As such, they are strongly avoided in research. Bstillos
al. [56] utilised this defect structure, with a porosity of 42%, in order to obtain a duplex micrdgteuc

in TEBAYV after HIP. The authors attribute the closure of lack of fusion defects during HIP to be driven
by the reduction of high energy surfaces as well as the recrystallisation driven by a high dislocation
gradient at the sharp edges of the LG#atts. By changing the HIP temperature from below the beta
transus temperature to above it, the average size of the duplex microstructure was also shown to be
altered. The LOF samples showed an increase in failure strain of 90% compared to a fullpuieoke ¢
sample that was also post processed by HIP, while retaining the same yield stréiagttet al.[241],

with the initial motivation of increasing build productivity instead of grain size control, also exploited
extensive (up to 73%) LOF defects in Hasteloy X. The post HIP microstructur@ isathpgles
comprised of fine equiaxed grains, with the grain size dependent on the amountmifilad OF

porosity. The obtained grain sizes led to significantly distinct tensile properties.

The potential for multimodal microstructures to be produced frointernal porosities under the
application of pressure and temperature has also been shown in a paper ley Xlirf242], where
recrystallisation driven crack healing was investigated in very large 30Cr2Ni4MoV steel ingots. The
authors attribute the crack healing to be due to a combination of high strain energy in the lattice, as

well as a high surface energy caused bygtesence of a crack.
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3 Materials and Methods

This chapter contains information on the experimental methods and data analysis protocols used
across several chapters. Within each chapter, slight modifications may be made to each of these
methods, however ths will be stated within the chapter. Any methods that are specific to a chapter

will be outlined within the chapter.

3.1 Powder Analysis
Gas atomised Inconel 718 powdéPW718-AACJI Lot Number UK83045 and Powder Rageot

number not known), size range #um, was used in this study. The composition of the LPW powder
was; 0.52t% Al, 0.002wt% B, 0.03wt% C, <0.01wt% Ca, 0.01wt% Co, 18.96wt% Cr, <0.1wt% Cu,
<0.01wt% Mg, 0.01wt% Mn, 3.0wt% Mo, 0.01wt% N, 5.07wt% Ni and Ta, 53.18wt% Ni, 0.02wt% O,
<0.005wt% F).004wt% S, <0.001wt% Se, 0.03wt% Si and 0.94wt% Ti. Recycled powder was used after
being passed through a g powder sieve (chapters 4, 5, 6, and 7) or arB@owder sieve (chapter

8).

3.1.1 Powder Particle SiZealysis

A Malvern Mastersizer 3000 PSA paetisize analyser was used to analyse the particle aizé

particle size disibution, of the Inconel 718 powdef he technique involves passing a laser though a
dispersed particulate sample and measuring the intensity of the scattered light for botmcehlae
wavelengths over a range of angles. The blue light increases the measurement accuracy of particles
below Jum in size. As not many particles are expected beldwm in size this is not expected to
significantly alter the results obtained. To perfotime analysis, a small quantity of Inconel 718
powder, refractive index 1.60 [160], was dipersed in isopropai2-ol (IPA), refractive index 1.378

[243]. 30 consecutive readings were taken by the analyser in order to achieve a statistgafigant
number of results. The particles were dgsated as norspherical as it was not known if the particles

would be perfectly spherical after the atomisation process

Results are usually displayed in terms of the powder size under which 10%n806% of the total

sample volume is covered. This is given by the labh4@, 50, and [B0.

It is common to monitotaser olscuration and weighted residudlhe weighted residual indicates how

well the measurement data fit the calculated data; a vabetow 1% indicates a good fit. The laser
obscuration shows the amount of laser light that is lost due to the sample passing through the analyser
beam. This should remain approximately constant and between the values of28% for the
duration of the expriment. Any fluctuation in the laser obscuration could indicate particle clumping

or dissolution othe sample

3t 86



3.2 Laser Powder Bed Fusion

3.2.1 Build File Creation

All trials were designed on NetFabb Ultimate (Autodesk). This includes geometry creation and layout
within the build space, and the allocation of all process parameters and laser toolpath settings to each
geometry. The Boolean logic algorithm was utilised to create internal voids within different samples.
.dZAt R FAf Sa 6SNB  SnatanduiplGaled fo yhe Aicsnfly softwpakef canflectddid S T 2

the machine.

3.2.2 Machine Setup

An Aconity Mini (Aconity 3B5ermany, with acontinuous200W ytterbiumdoped lase(wavelength

of 1070nm)and focused spot diameter of j@th was usedn all trials reported. @ecimen building was
performed under an argon atmosphere and 50mbar pressure, and a recirculation intensity of 60%;
this corresponded to an oxygen content of less than 500ppm. During machine operation, a continuous

supply of compressed air (1 bar pressusas used to cool the laser glass.

The majority of samples printed as part of this thesis utilised a meander scan pattern with a rotation
strategy of 9@between each layerThe initial orientation was generally set toxd order to prevent

any excessivg long hatches from being lased whenrpirig longer parts. In Figure 38901 x A Y A GA | €
deposition orientation correspnds to the direction of layer it viewed from the front of the Aconity

Mini machine.

All parts were removed from the AM baseplate bgattical discharge machining (EDM).

A A > A A A

Layer 1 Layer 2 Layer 3
Meander Meander Scan Meander
Scan Scan

\ 4

A

\ 4

Figure35: 9k rotation in lasermeander strategy between layers

3.3 Pyrometry Data Collection and Processing
A Kleiber KG 74Q0spatially integrating pyrometerperating over wavelengths df5801800 nm)
was used to measure the thermal radiation emitted by thaterial in the vicinity of the lasefhe

pyrometer was situated Hine with the laser optics, and observed a field of view (FOV) of 1mm in
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diameter. Pyrometry data was automaticatcorded with a sampling frequency of 100kHz during

each build detailed in chapters@ Output intensity values were measured in mV.

As the melt pool is orders of magnitude smaller in size than the pyrometer FOV, it is to be noted that
recorded data is ot solely of the melt pool, but contains regions of cooler, solidified, material as well.
This poses issues whereby the differentiation between a small, hot melt pool, and a large, cooler, melt
pool is not possibleThe pyrometer is currentlysed on its wn, and as discussed in Section 2.2.5 In
Process Monitoring Methods for LPBF, would require a secondary pyrometer in order to be able to
calculate an absolute temperature value for the material under the laser spot. Therefore, pyrometry

measurements detadd in this thesis are not calibrated to provide an absolute temperature value.

As material emissivity changes nlimearly with temperature and surface structure, the pyrometry

values detailed in this work can only be used as an approximation of the relative temperature
differences observed between each sample. For example, oneSam@lF y 6S NX Il NRSR I a
the other, but no quantification of exact difference is possible. Nevertheless, it provides valuable

insight into the build process when viewed quantitatively.

Work is ongoing in order to identify a manner in which thggmetry intensity values can be
correlated to real temperature values, and as such, the values and analysis presented in this thesis will

enable valuable insight into real temperature values in the future.

t NRYSUNE RIEGE OFy o08NO®OESOGERNIW MK F NUAK 82 LIEINRI
LI NI QS +Ef LEBNBYSGNE RFEGE F2NJ I aLISOATAO LI NI A
allows for easier post processing of the average part temperature using Matlab. If pyromedrisdat
O2ftft SOGSR woe tl&SNRxs SIOK RIFGF FAES O2yidlAya

allows for fast comparison between different parts on the build plate.

Pyrometry data was processead Matlab using modifications of an originedde written by Lova
Chechik (PhD Student, University of Sheffield). It operasdsllows;

1) Removal of noise:
a. Data is smoothed usma kernel smoothing function.
b. Pyrometer intensitiesbelow a given threshold, determined by the frequency of
appearanceare considdlBR (2 0SS Wy2Aa4SQ YR NS NBY2Q
2) Data averaging by positicrall pyrometer intensityneasurements take at the same X and Y
position are averaged.
3) A mnversionfactor is applied to the X and positions to transform the electrical position

signals from the pyrometer to physical posit®on the Aconity Mini baseplate.
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Pyrometer intensity values were either averaged over the layer to provide a single tabulated value,

or presented graphically in order to analyse variations in intensity valusssosingle layer.

3.4 Post Processing Treatments

3.4.1 Hot Isostatic Pressing

Hot isostatic pressing (HIP) was performed (by Vahid Nekouie, Richard Pears, Will Pulfrey, and Jorge
Elkin at the Royce Translational Centre, Sheffield) usiddrR845H(AIP). The cycle parameters were

Fa F2ftf26aT mMmcnanx/ X mMnHatl S FT2NJ o K22-diNdsSwasF2f f 2 4 ¢
MNX/ KYAY ®

3.4.2 Furnace Heat Treatments

Heat treatments were performed (by Neil Hind, University of Sheffield) under an argwsphere

dZAAYy3 F YdzZFFES FdzNY I OS o6/ FNDb2fAGS0Od | &a2fdziAazy |
o Iy FANJ O22fd | R2dz2ofS 3S GNBFdYSyd F2fft26SR
for 8 hours, followed by a furnace cool to 6&0for 8 hours, and an air cool to room temperature. For

these heat treatments, the samples were put in the furnace at temperature to limit the effect of ramp

up rates on the microstructure as much as practicably possible.

3.5 Sample Analysis and Data Coltecti

3.5.1 Sample Preparation

Where required, samples were sectioned using a 50A20 aluminium oxidadfeuheel at 2000rpm in

a Secotorrb0 precision cutting machine, or machined using velectro discharge machining (EDM),

by the Mechanical Engineering Workshaipthe University of Sheffield. Samples were hot mounted

AY L F1StAGS dzaAaAy3a | {AYLXAYSG mnnn gAGK I GSYLISN
(heat and cool times of 2 and 4 minutes respectively). Samples were ground using a variety g grindi

papers and polished for 13 minutes using OPS Colloidal Silica (0.25um). In order to remove all traces

of colloidal silica from the samples, they were rinsed using water on a rotating polishing clotB for 5

minutes.

In order to reduce the size of the moted samples such that they would fit inside the chamber of the
SEM used to perform EBSD analysis, the bakelite was subsequently ground down around the samples.

The reduced size samples were secured to an aluminium stub using silver paint.

3.5.2 Sample Etching
All samples in this study were electrolytically etched using a 10% by volume phosphoric acid and water

solution. A piece of steel, functioning as the cathode, was partially submerged in the phosphoric acid
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held in a low sided beaker. A 5V voltage was appdicross the steel sheet and a conductive wire,
functioning as the anode. The wire was touched to the sample surface for approximately 5 seconds or
until the surface dulled. Samples were then dipped into two separate water beakers to dilute the acid

prior to cleaning with IPA.

3.5.3 Optical Microscopy
All samples were analysed using an Olympus BX51 optical microscope with an automated image

analysis system (Clemex).

3.5.4 Density Analysis

Sample densities were analysed by performing an automatic thresholding teehusgipg ImageJ on
images acquired by optical microscopy. As pores appearaankicroscopy images, the ratio of solid
material to porous material can be determindd.order to understand the bulk porosity across a full
sample, images for density analysiere taken at low magnifications, and a mosaic of the whole
sample surface was acquired. While this may not provide wholly accurate measurements of density
(as finer pores may not be resolvable at this scél@)pes give enough evidence of the build itya

required for this stage in the research.

3.5.5 Hardness Tests
Vickers hardness information was gathered from fully polished samples using the Durascan automatic

hardness testing machine using a 15s dwell time and HV1 load which corresponds to a loafl of 1kg/

3.5.6 Scanning Electron Microscopy

Scanning electron microscopy imaging was performed with an Inspect F50 at the Sorby Centre for
Electron Microscopy, University of Sheffield, with an accelerating voltage of 20kV and a spot size of
between 3¢ 3.5>m. Secondry electron images were captured in order to show sample surface details
while backscattered electron images were used for obtaining images more representative of the bulk

of the sample and identifying potential precipitates.

3.5.7 Electron Backscattered Difftion Analysis

Electron backscattered diffraction (EBSD) was performed in a JEOL 7900 SEM with a focus depth of 21,

I LINPO6S OdNNByid 2F mn o002y i{iNRfftSR o0& aLkid airlisS:
of 70x, and step size of betweel5 and 1.5m, to analyse the grain orientations within each sample.

Some scans were kindly performed by Dr Le Ma (Sorby Centre for Electron Microscopy, University of
Sheffield). Grain image and orientation analysis was performed on Matlab using the ddlmxtand

I GKNBaK2ftR 2NASYGl dA2y 2F BmnxxtoddefineRieTow shfle 0§ KS K

grain boundaries. Grains smaller than 3 pixels in size were removed before grain reconstruction and
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the resulting grains smoothed. Samples witigh levels of porosity warranted a slightly different
approach; following the removal of grains smaller than 3 pixels, the grains were reconstructed and all
non-indexed locations removednverse Pole Figure (IPF) maps were produced with respect to the

build direction in order to show the grain growth direction.
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4 Printability Studies in Inconel 718

4.1 Introduction

Many studies have been performed in order to observe the effects of different process parameters on
the build quality of Inconel 718 parts. Thajority of these focus on the application of a volume or
linear energy density (produced by a specific combination of laser parameters) and state that defect
free parts can be produced within the bounds of two values of input energy. However, many differen
combinations of parameters can give a similar energy density, and there have not been many studies
published which aim to understand differences in grain morphology, if any, obtained whilst printing
with different parameters, but remaining under the saerergy density. Bertoét al.[25] found that
significant differences in the morphology of single scan tracks were obtained in Zidlest steel

after printing with different laser power and velocity values, but the same volumetric energy density.
As the power and velocity increased, the scan tracks became more irregular and balling occurred. This
work was not extended to bulk partand therefore the performance of specific laser parameter sets
(constant volumetric energy density) as the cross sectional area of a sample increased, is also not

understood.

Additionally, the effects of printing with a defocused laser beam has not seen a great volume of
research. As a defocused laser effectively leads to a wider spread of the input laser power, it is
proposed that significant variations in build quality cangxpected as the beam is moved through
focus. This input parameter has largely been ignored in the AM community, however has the potential
to enable another level of control over the build process. In addition, if the laser spot diameter is larger
than the hatch spacing, this may enable a local heat treatment to be induced in the material
surrounding the melt pool, potentially reducing the thermal gradient, and the formation of residual

stresses.

All of the above may allow for variations in microstructwvéhin a fully dense print, therefore

enabling the production of more functional components. The overarching aims of this section are to:

1 Find a set of processing parameters (laser power, velocity, hatch spacing, and layer thickness)
that will allow fullydense parts, of varying geometry, to be produced in Inconel 718 using an
Aconity Mini.

1 Form an understanding of how the individual process parameters affect the density, grain
shape, grain orientation, and pyrometry intensity values, across a range efetiffbuild

conditions.
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4.2 Initial ProcesParameteiSelection

4.2.1 Experimental Rationale and Method

In order to find successful printing parameters for Inconel 718, egdwken surface response design

of experiments (DOE) was performed using Minitab. Thegpovelocity and hatch spacing was varied
between 70190W, 4061300mm/s, and 2€.30>m respectively. A layer thickness oBB@was chosen

for this work as the powder utilised had a quoted size range ef85n. This was internally verified

with results presented herein. All parameter sets in the DOE are displayed in Table 6. Sample
numbering begins at 11, as 10 additional samples, not relevant to this experiment, were also included
on the baseplate. Samples 12, 16, 24, 25, 29, and 30 were all produbdtdevéame laser parameters

to understand the repeatability of identical parameters.

Each sample is a 5x5x10mm cuboid, manufactured with a meander scan strategy, andatci7

rotation between each layer. The normalised equivalent energy density of eawtbination of

process parameters trialled as part of this DOE have been calculated using Equation 1 (detailed in
section 2.2.3), where A is ([32], " is 8100 kg/m[244], 6 is 600 J/kgi45],"Y is 297 K212], and

"Y is 1533 KH212]. These are superimposed time process map by Thomas al. [32] in Figure 36

Average part pyrometry intensity values have been calculateddoh part. Within each figure, these

I'NBE NBEFTSNNBR (2 a4 Wta8NRYSUNE ¢SYLISNI GdaNBaQ d2 |

The sensitivity of three of the build parameters, namely those labelled 12, 14, and 15, in Table 7, to
different geometries anccomponent sizes was investigated in order to allow confidence in the

selection of process parameters that are, within practicable limits, resistant to geometrical effects.
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Table6: Design of Experiments used to identify AM parameter sets that enable high density Inconel 718 to

be prepared.

Laser spot Laser Hatch Layer Norn.1alised
PartLabel diameter Power (W) Velocity Spacing Thickness Equivalent
Energy
(um) (mm/s) (um) (um) ,

Densiy, &*
11 70 166 1118 108 30 191
12 70 130 850 75 30 2.83
13 70 94 1118 42 30 2.77
14 70 166 582 42 30 9.33
15 70 166 582 108 30 3.66
16 70 130 850 75 30 2.83
17 70 130 1300 75 30 1.85
18 70 130 850 130 30 1.63
19 70 94 582 108 30 2.09
20 70 130 400 75 30 6.01
21 70 190 850 75 30 4.13

22 70 130 850 20 30 10.61

23 70 70 850 75 30 1.52
24 70 130 850 75 30 2.83
25 70 130 850 75 30 2.83
26 70 94 582 42 30 5.31
27 70 166 1118 42 30 4.86
28 70 94 1118 108 30 1.09
29 70 130 850 75 30 2.83
30 70 130 850 75 30 2.83
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4.2.2 Results

4.2.2.1 Powder Size Analysis

The average results for thad)Dso, and Doare shown in Table 7. The largest value of weighted residual
and laser obscuration are also shown in the table to show that the correct refractive index and
absorption values were used in the test ggt. Minimal differences were obtained between the
measurements taken using different light sources. This was as expected as blue light is used to increase
measurement accuracy for particles bel@um in size A weighted residual over 1% would signify the
incorrect input of values for the refractive index dktIPA and absorption coefficient of the powder.

A laser obscuration that does not lie betweei2@% would signify clumping of the powder leading to
inaccurate results. These remained stable throughout the experiment with maximum values as
displayed in Tde 7.

A Doof 19.6um signifies that 10% of the sample volume has a patrticle size below 19.6p0fA D
40.3um signifies that 90% of the sample has a patrticle size below 40.3um. This is in good agreement

with the powder size distribution of 285um, as sited in the manufacturers documentation.

Table7: Particle size distribution of Inconel 718. Errors shown as coefficient of variance.

NUmb ¢ Maximum | Maximum
umber o .
Material Medium HO HO HO Weighted | Laser
Measurements T m T Residual | Obscuration
(%)
Inconel
8 30 IPA 19.6+0.6%| 28.4+0.5%)| 40.3+1.0% 0.29 4.75
71
IPAC
Inconel
8 30 Blue light | 19.6+0.2%| 28.4+0.2%| 40.6+0.6% 0.3 412
71
only

4.2.2.2 Initial Printing Parameter Selection

Printed samples are shown in Figure. 3%h Qsensor error caused the laser to stop firing at layer 36
during the build while the powder delivery system remained operational for 4 layers. LOF defects are
visible on some of the parts at this layer height. The average part pyrometry intensity wastealcul
from layers 41 onwards to omit the erroneous data. This is shown for the relevant cub&6)(iril

Table 8, with errors presented as the coefficient of aace of each data set. Figure 88ows the
average part pyrometry intensity for cubes-3Q sugrimposed on the process map along with optical

micrographs of the cross sections of a selection of the parts.

4t 96



LOF defect

Figure37: 30 5x5x10mm cuboids printed for DOE1, all labelled on top by a unique identifier. Cud€s 1
printed as part of a different trial, cubes 120 printed as part of this trial with unique combinations of laser
power, velocity and hatch spacing. Dimensioradcuracy and surface quality noticeably differs as process
parameters changes.
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Figure38: Average part pyrometry intensity in mV (temperature) for cubes-2Q superimposed on the
process map according to the process parametesed to produce each part. Micrographs show defect
population and type corresponding to the indicated build. All scale bars are 500um.
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Initially it is clear that samples 12, 16, 24, 25, 29, and 30, all printed with a laser power, velocity and
hatch spacingf 130W, 850mm/s, and ##n, respectively, achieved similar densities and average

pyrometry intensity values.

As the normalised equivalent energy density increases, the average part pyrometry intensity increases
from about 1000mV to about 2250mV with a csponding change in defect population from LOF to
keyhole porosity. Cubes 26 and 27, which are placed very close together on the process map, show
very different average pyrometry intensities and densities. Although they have both been printed with

a simlar energy density, they are not similar in part quality. Cube 26 utilises a low power and low
speed, while cube 27 utilises a higher power and high velocity. Therefore, it is clear that the correct
choice of individual parameters is important, and presegtdata in terms of energy density alone is

inadequate.

Figure 3%hows the difference between linear velocity and hatch velocity. While linear velocity is the

laser scanning velocity, hatch velocity can be introduced as the speed at which an areauijdlis
LINAYGSRd ! f 1K2dzZ3K (GKS o0dzAfRa Ay GKA& SELSNRARYSy
layers, the hatch velocity (displayed in Table 8) was calculated for each parameter with the assumption

ofl  dpnx KI G§OK NEhivs thieeplptd) averaga gyiaBetryl intensity versus 1) linear

velocity, 2) hatch velocity, and 3) laser power. There is no obvious trend between pyrometry intensity

and linear velocity, however, as the hatch velocity increases, the pyrometry intensity of each part
decreases. The notion of hatch velocity has not yet been identified in the literature, however, this
experiment has proven its importance in the selection of process parameters for LPBF. Lastly, a

correlation between laser power and average part pyromattgnsity was identifiedrn Figure 40

Figure39: Schematic showing difference between linear velocity and hatch velocity.
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Table8: Density and average pyrometry intensity for printed cubes. Pyromeiriensity errors shown as
coefficient of variance. Density values were taken from a single threholded image for each sample and so do
not have an associated error. These values are only to provide a rough indication of part density and more

analysis is tdoe done if a more accurate value is required.

Normalised Energy Average Part Hatch Velocity
Cube Number Density (%) Pyrometry
Density, &* (mm/s)
Intensity (mV)
11 191 99.64 1082 + 2% 24
12 2.83 99.94 1082 £ 1% 13
13 2.77 99.95 1012 + 1% 9
14 9.33 94.90 1251 + 2% 5
15 3.66 99.70 1153 £ 3% 13
16 2.83 99.97 1076 £ 1% 13
17 1.85 99.69 1040 + 3% 20
18 1.63 98.94 1056 + 1% 22
19 2.09 99.45 1053 + 2% 13
20 6.01 97.18 1169+ 1% 6
21 4.13 100.00 1181 + 2% 13
22 10.61 99.59 1178 + 3% 3
23 1.52 86.60 1011 £ 4% 13
24 2.83 99.98 1085 + 1% 13
25 2.83 99.91 1080 + 1% 13
26 531 99.87 1096 + 1% 5
27 4.86 99.99 1153 + 3% 9
28 1.09 83.66 1011 £ 1% 24
29 2.83 99.95 1086 + 1% 13
30 2.83 99.97 1086 + 1% 13
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Parameter sets 12 (duplicates given by 16, 24, 25, 29 and 30), 14, and 15 were used to build larger
shapes (10x10x10mm) andO§20x20mm) as shown in Figure.farameter set 12 continuously
produced highly dense 5x5x10meoubes and so the stability of this parameter set against larger

geometries was to be investigated.

As the printing of larger parts leads to increased laser return times per hatch, and therefore increased
part cooling, it was hypothesised that as the pside increased, a higher volumetric energy density
would be required to produce a fully dense component. Therefore, parameter sets 14 and 15 were
chosenfor the build shown in Figure 4Compared to set 12, parameter set 15 observed a slight
increase in ormalised equivalent energy density, with an equal hatch velocity, whilst parameter set
14 observed a large increase in normalised equivalent energy density, and a reduced hatch velocity.
Only the parts printed with parameter set 14 were unsuccessful dueverheating and cancelled
mid-build. All other shapes printed with high dimensional accuracy and surface finish, proving the

stability of the process parameters over a wider range of geometries.

Figure4l: Larger parts printd using parameter sets 12, 14 and 15.

As a result of this work, two parameter sets were identified as appropriate for building Inconel 718 on
the Aconity Mini; 1) 130W power, 850mm/s velocity, andmbhatch spacing, and 2) 166W power,
582mm/s velocityand 108m hatch spacing. It is acknowledged that several other parameter sets

detailed in Table 6 may have also produced good results, however in order to remain consistent
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throughout this thesis, one main standard parameter set was chosen. All buildsmped as part of
chapters 5, 6, 7, and 8, utilise the parameter set comprising of 130W power, 850mm/s velocity, and

75>m hatch spacing.
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4.3 Testing the Limitations of Equivalent Energy Density Part 1

4.3.1 Experimental Rationale and Method

Many authors report that successful printing occurs at specific values of volumetric energy density
(VED). However, within the designation of any form of energy density, the process parameters can
theoretically take any value, and it is not understood hgensitive to changes in individual laser
parameters this overarching statement is. As previously discussed, Bxr&bl{25] identified large
differences in the molten shape of single tracks manufactured with different laser parameters, but at
a constant VED. This shows that there may be limitations to utilising only VED to describe build

parameters.

To elucidate these effects furthehree different cube sizes were printed with 8 different parameter
combinations outlined in Table 9, all with the same normalised equivalent energy déDsi(2.83

2.87) [32]. Cube sizes were 5x5mm, 15x15mm, and 30x30mm, all at 10mm tall. In four of the
combinations (set A), the velocity remained constant whilst the hatch spacing was reduced, and vice
versaforthe @ AyAy 3 F2dz2NJ O2YoAyldAz2ya oaSid .ovoo !'a (KS
was the power in order to retain the same energy density. In order to achieve consistency between

the sets, the power was reduced as follows for both sets; 190W, 140W, 5B, The time taken to

print each layer is shown in Table 9 to highlight the productivity differences between each parameter

set.

I pnx KFIGOK NROGlIGA2Y 61 a dzaSR 0SGeSSy SIOK @S
and the average part pyromst intensity (labelled as pyrometer temperature) was calculated based

on the average intensity of 7 layers (layers taken at approximately 1, 2, 4, 4.5, 6, 7.8, and 8mm in
KSAIKGUOVLDP ¢KS LRNRBYSIONER RFEGF 61 & NBEOhEMmewyo e f I & ¢
intensity value between each cube size gratameter set. However, this meant that the calculation

of average pyrometry intensity values for each sample required a computationally expensive
clustering algorithm to separate the data poirtseach individual sample. Hence, the average was

calculated using 7 layers spaced throughout the height of the parts.
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Table9: Process parameters selected for DOE3 and corresponding time taken to print one layer of each part

Time to print 1 layer
ID | Power | Velocity Hatch Layer s ‘ 5x5mm 15x15mm | 30x30mm
(W) (mm/s) Spacing | Thickness (s) (s) (s)
(Hm) (um)
Al 190 850 109 30 2.84 0.27 2.43 9.71
A2 | 140 850 80 30 2.86 0.37 3.31 13.24
A3 75 850 43 30 2.85 0.68 6.16 24.62
A4 51 850 29 30 2.87 1.01 9.13 36.51
B-5 190 1550 60 30 2.83 0.27 2.42 9.68
B-6 137 1120 60 30 2.83 0.37 3.35 13.39
B-7 74 600 60 30 2.85 0.69 6.25 25.00
B8 49 400 60 30 2.83 1.04 9.38 37.50

The experiment was designed to observe:

- The sensitivity of each parameter combination to a change in cube size.
- The sensitivity of the part pyrometry intensity to different parameter combinations (same

normalised equivalent energy density) for a constant cube size.

All medium and large samplegere sectioned in two perpendicular planes along the build direction
while all small cubes were sectioned just once along the build direction. Density measurements were

acquired three times for each section plane, and an average value calculated.

4.3.2 Reslults

Average part pyrometry intensity and densities for each build condition are shown in Table 10. Errors
in average part pyrometry intensity are shown as the coefficient of variance of layer averages. Part A
4, 30x30mm cube, only has an approximate pyromettgnsity value listed in the table as this part
was cancelled mituild, and limited data was recorded for it. Errors in the averaged density values
were found to be very small. As the human error in performing manual image thresholding was
deemed much Igher, these have not been quoted in the table. These values therefore only provide a
rough indication of part density and a more accurate density analysis is required if a more accurate

value is desired.
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Table10: Average pyromety intensity, density, and layer process speed for all samples printed in DOE3.

5x5mm 15x15mm 30x30mm

Layer Average Density Layer Average Density Layer Average Density

Process Pyrometry (%) Process Pyrometry (%) Process Pyrometry (%)

Speed | Intensity (mV) Speed Intensity (mV) Speed Intensity (mV)

(mm/s) (mm/s) (mm/s)
Al 18.5 1115+0.2%| 99.96 6.2 1090+0.2%| 99.97 3.1 1068+0.9%| 99.97
A2 13.6 1064+0.4%| 99.97 4.5 1059+0.1%| 99.97 2.3 1035+2.3%| 99.97
A3 7.3 1041+0.7%| 98.68 2.4 1027+1.3%| 92.28 1.2 1028+1.7%| 85.01
A4 4.9 1017+2.3%| 84.59 1.6 1034+3.7%| 80.14 0.8 ~1003| 74.22
B-5 18.6 1063+3.3%| 99.99 6.2 1044+1.8%| 99.96 3.1 1035+2.6%| 99.96
B-6 13.4 1047+5.0%| 99.99 4.5 1033+4.3%| 99.98 2.2 1004+7.8%| 99.98
B-7 7.2 1050+4.7%| 99.46 2.4 1036+2.5%| 97.08 1.2 1021+9.4%| 90.62
B-8 4.8 1029+1.1%| 98.23 1.6 994+1.1%| 94.33 0.8 990+1.0%| 82.73

4.3.2.1 Part Temperature

Average part pyrometry intensities for a single lag@02mm) are shown in Figure #R2order to aid

visualisation of the data in Table 10. At higher laser velocities, less pyrometer data points are available
F2NI L yLtfearnao G 265N St 20A0A84% || KAIKSNI LINRL
pyrometer spot size is lger than the melt pool, so the measured pyrometry intensities will be lower

due to imaging of the cold powder bed. Additionally, quicker builds will have a proportionately larger
number of data points recorded when the laser is off and the data processeijod may not

O2YLX SGiSfte& NBY2@S |ff WO2fRQ LRAyGad ¢KAA AyRdzO
comparing cubes scanned at different veloci{@$]. However due to the high sampling frequency of

the pyrometer, this effect is deemed negligible and has not dakan in to account in this analysis.

Figure 43hows that as the part increases in size, the pyrometry intensity reduces. Generally, as the

power reduces, the average part pyrometry intensity for all cube sizes also reduces.

Parameter set Al utilises avery small hatch spacing, 29um. The pyrometry intensity of the 15x15mm
cube is higher than the pyrometry intensity of the 5x5mm cube printed with this parameter set. It is
possible that at very small hatch spacing, unusual effects are observed in the imay heat is
distributed within the part which has manifested in the results obtained. It is also possible that at one

length scale, linear velocity is dominant, and at another length scale, hatch velocity is dominant.
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For each cube size, the variatianpyrometry intensity across builds printed within parameter set A
(varying hatch spacing) is larger than the variation in pyrometry intensity across builds printed within
parameter set B (varying laser velyg. This is shown in Figure 4Bhis suggesthat the process is
more sensitive to hatch spacing than to the laser velocity. Patlal/[81] as well as Doubenskadh

al. [89] state that the hatch spacing is the most significant parameter affecting the quality of a LPBF
build. This is likely to be due to the effects of how much contact the melt track has with the solid bulk
and therefore, the level of heat conduction possible away fithie heat source. This effect is not
generated when altering the velocity, so following this logic, the pyrometry intensity variation within

set B is expected to be less.
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Effect of changing HATCH SPACING and cube size
on part temperature (pyrometer mV)
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Figure42: Pyrometer data showing variation in pyrometiptensity (temperature) between built parts for
(A) group A and (B) group B (showing layer at 6.02mm height)
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Figure 45shows the average pyrometry intensity of each cube plotted on a 3D graph with power,
hatch velocity and linear velocity.i#t possible that a trend exists between part pyrometry intensity
and hatch velocity, however, this could also be an artefact of the FOV of the pyrometer. Further

investigation is a topic of ongoing research.
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Figure45: 3D representation of the variation in part pyrometry intensity (temperature) 6k5mm,
15x15mm, and 30x30mm cubes with power, hatch velocity and linear velocity.
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4.3.2.2 Part Density

Parameter sets-A, 2A, 5B and 6B all produced fully dense samples across the diffecabe sizes

as shown in Figure 46 Parameter sets-8, 4A, 7-B and8-B all show decreasing density with part

size. All defects observed in these samples were LOF type. All four of these parameter sets used a
power of 75W or lower suggesting that this is the minimum power for a successful build at this energy
density on tle Acconity Mini. Sample-4 displays a significantly higher level of porosity than all other

samples for all cube sizes.

Figure 46 shows the average part pyrometry intensity against the density. It is clear that fully dense
parts can be printed over a dé range of intensities and that part densities are not guaranteed based
LIJzNBf & 2y YFAYGFEAYAYy3 I aLISOAFAO LBNRYSGNER AyidSy

control alone may not be the optimum method of process control to ensure higlitgyarts.

In the B6 30x30mm cube, although the majority of the cube was fully dense, the cross section
exhibited large OF defects as shown in Figure #fe top surface dhis sample, shown in Figure @8
showed significant levels of spatter. Thisigh surface likely prevented an even layer of powder from
being spread across the build platform in this region, leading to the propagation of LOF defects
through the thickness of the part. The region of LOF was found to widen with increasing part height,
demonstrating the effect of defect propagation from small to larger areas. As the 15x15mm and
5x5mm cubes printed with the sameammeter set (shown in Figure BBdid not result in these
defects, the spatter is unlikely to be caused directly by the patans chosen. Some evidence of
spatter was also observed on the surface of sample @hich had an identical position on the second
baseplate, however, no LOF was observed in this sample. It is possible that the position of these
samples directly in frontf the argon inlet affected the build process, as a variation in part quality with

build plate position has previously been observed in the literaj2ig.

A larger range of pyrometry intensity vakievas observed across the category A parameter sets. This
also resulted in a larger variation in final part density than those printdg parameter set B (Figure
46).
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15 mm

Figure48: a) top surface of sample-B 30x30mm cube (labelled 27) showing balling defects, b) Top surface
of all cubes printed with parameter set-8 ¢ only the large cubes shows surface defects, c) top surface with
view of cross sectioshowing that position of surface spatter is coincidental with a string of lack of fusion

defects through the bulk of the sample.
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4.4 Testing the Limitations of Equivalent Energy Density Part 2

4.4.1 Experimental Rationale and Method

In the above set oéxperiments, the hatch spacing and velocity were altered, however it was found
that laser power values below approximately 75W were not high enough to produce fully dense parts.
Therefore, the effects of Equivalent Energy Density on LPBF of Inconel i$8waa mostly

investigated in terms of sample size.

In the next set of experiments, 10 combinations of laser powerl@®V), velocity (50A600mm/s)

and hatch spacing (4@n d>Y0 6SNB &St SOGSR (2 o6dZAftR nmnEREcYY
displayed inTable 11. A 90K 6 OK NRGFGA2y &aGNI iS3esx AGK Fy A
implemented. Pyrometer intensity data was collected and average intensity values calculated for each

part. Samples were sectioned along the build direction and the surface prepared for optical
RSyairde lyrfeaira FyR 9.{5 lylrftearad C2NI 9.{5 RII

of 1ms was utilised. Lastly, hardness measurements were taken for each sample.

A second set of 4x4xAm cubes were printed witli KSANJ AYAGALFf NRGFGA2Y &S
direction was parallel to the cube edges. Printing of the top layer was stoppedvayido allow for

YStid LR2f RAYSyaiazy RIFGEFE G2 0SS SEGNI OGSR FNRY
reagent. This method was chosen as it provides a more accurate representation of the melt pool
dimensions as they would form within a bulk material compared to performing single melt tracks on

to a single large heat sink.

The samples were compared in tesnof melt pool geometry, defect density, grain shape, grain
orientation, grain area, grain average misorientation (GAM), pyrometry intensity, and hardness, in
order to understand the effectiveness of the use of the term equivalent normalised energy density
describe LPBF processing parameters.

Tablell: Laser power, velocity and hatch spacing used to beitplivalentenergy density cubes. Layer
thickness remained constant at 30 um for each sample.

Sample Number

1 2 3 4 5 6 7 8 9 10

Power (W) 190 | 165 | 130 | 130 | 190 | 137 | 162 | 100 | 190 75

Velocity (mm/s) 850 | 740 | 585 | 850 | 1240 | 1120 | 1300 | 500 | 1600 | 850

Hatch Spacing (um)| 109 | 109 | 109 75 75 60 61 98 58 43

r 284 | 284 | 283 | 283 | 283 | 2.83 | 283 | 283 | 2.84 | 2.85
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4.4.2 Results

All experimentatesults are tabulated in Table 12. A high level of porosity in sample 10 meant it was

not imaged using optical or EBSD analysis and so ho experimentally derived values are available for it.
Table12: Tabulated data for each parameteset. Errors given as a coefficient of variation. Density values

were taken from a single threholded image for each sample and so do not have an associated error. These
values are only to provide a rough indication of part density.

Sample Number

1 2 3 4 5 6 7 8 9 10

Density (%) | 99.99 | 99.99 | 99.99 | 99.99 | 99.98 | 99.96 | 99.96 | 99.97 | 99.99 | 93.55

Average
Pyrometry | 1110.6 | 1090.5| 1089.0 | 1079.5| 1074.9 | 1070.1 | 1063.4 | 1071.7 | 1077.8 | 1074.2
Intensity +0.8%| +0.8%| +0.9%| +0.8%| £1.0%| £0.8% | £1.2%| +1.1%| +1.4%| +1.4%

(mV)

Melt Pool 137.7 | 174.2 | 134.0 | 109.4 | 96.8+ | 80.5+ | 95.4+ | 131.4 | 84.7+
Depth (um) | £+1.7%| +0.3% | +0.5% | +0.8% | 0.5% 0.6% 0.7% | £+0.2% | 0.6%

Melt Pool 159.8 | 186.1 | 136.2 | 134.0 | 112.8 | 115.8 | 135.2 | 124.4 | 104.1
Width (um) | +1.8% | +0.4% | +0.6%| +0.8% | +1.9%| 0.9% | £+1.9%| +2.0%| +0.5%

Layer
Process
Speed
(mm/s)

23.2 20.2 15.9 15.9 23.3 16.8 19.8 12.3 23.2 9.1

Mean GAM | 0.0130 | 0.0111 | 0.0091 | 0.0132 | 0.0129| 0.0123| 0.0136 | 0.0117 | 0.0135
(0] +61% | +57% | +49% | +66% | £63% | £61% | £77% | +73% | +70%

Hardness | 318z 323% 330+ 329+ 335+ 330+ 327+ 328+ 330+
(Hv) 0.5% 1.5% 1.3% 2.4% 1.3% 0.1% 1.4% 0.4% 1.7%

4.4.2.1 Part Pyrometry Intensity and Density

The density of all cubes, apart from number 10, was above 99.9%. Cube number 10 was printed with
a power of 75W and contained a large volume of LOF porosity. This agrees with the results obtained
in Section 4.3, providing further evidence of there beirigveer limit under which the laser power is

not high enough to produce full melting. The pyrometer intensity values all lay between 1063mV and

1110mV, however there is an absence of a strong correlation between part density and the recorded

part temperaturevalue.
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4.4.2.2 Melt Pool Cross Sections
Optical images of the etchedett pools are shown in Figure 4@nages taken by Rob Hillier, Masters
Student) with red arrows indicating the points at which melt pool width and depth measurements

were taken. Measurements were takéiree times and an average value calculated.

It is clear that the melt pool dimensiomse not equal for each parameter set and therefore it can be
stated that the melt pool size and shape is not constant if varying parameters are chosen for AM

processing, even if an equivalent energy density is used.

Sample 2 (P, V, HL65 W, 740 mm/s, @9 um) attained the widest and deepest melt pool. The melt

pool shape shows that the processing conditions are close to becoming keyhole mode melting.
Interestingly, Sample 1, which had a higher power of 180W, had a lower melt pool depth and width
than sanple 2. This must be due to the 100 mm/s increase in laser velocity compared to sample 2, as
both had the same hatch spacing. The smallest melt pool depth recorded was 80.5 um, for sample 6
(P, V, H 137 W, 1120 mm/s, and 60 um), which was closely follolyedample 9, 84.7 um (P, V¢H

190 W, 1600 mm/s, and 58 um). Both of these samples observe a higher laser velocity and low hatch
spacing values. The reduced hatch spacing produces an increased level of overlap with the previous
melt track which theoretially results in an increased level of heat conduction away from the melt
region, enabling a smaller melt pool to form. This is then exacerbated by the high laser velocity as less
energy is imparted to the material per unit time. Sample 9 also recordedntadlest width, at 104

pm. While sample 5 also displayed a low width, 112.8 um (P,c\,98 W, 1240 mm/s, and 60 um),

it had a higher depth of 96.8 um, which is due to the reduction in laser speed as compared to that of

sample 9.

All of the parts printedn this trial were of equal geometry, and no significant spatter, balling, or
powder layer recoating defects were observed during the build. Therefore, they were all produced
under optimum process conditions. However, had undesirablpratess issues ogoed, the
differences in melt pol dimensions shown in Figure #%ay have meant that some parameter sets
would be more robust against these issues than others. For example, if significant spatter had formed
on the surface of a p as demonstrated in FHige 48 process parameters that produced deeper melt
tracks may have still enabled fully dense parts to be formed, whilst this might not be the case using

parameter sets that produced shallower melt pools.
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Figure49: Melt pool cross sections showing the approximate locations of width and depth measurements

4.4.2.3 Grain Structure Analysis

Inverse Pole Figure (IPF) maps with respect to the Y (build direction) for eagle $&8) are shown

in Figure 50All samples exhibit long elongat grains in the build direction which is expected from
epitaxial growth. The majority of the grains are orientated with their easy growth direction, [001],
aligned with the build direction. This texture is further shown bg pole figure maps in Figurd 5

which display the direction of the (100) plane of each grain as viewed from the build direction for each
sample. It is clear that the grains in samples 1, 3, and 8 all exhibit a slightly reduced alignment with
the build direction. However, this effecaonot be correlated to the build parameters used to process

them and the cause is behind this effect is currently not known.
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A rainbow effect can be seen in the colour of the EBSD maps within the majority of the grains in each
sample. This represents a ¢ige in orientation within each grain and is enabled by the presence of
GNDs. GAM values can be used to quantify the magnitude of these orientation changes within each
grain. These are tabulated in Table 12. It is clear that these values all lie withifioereach sample.

This leads to the conclusion that despite printing with a different combination of laser parameters,
which leads to differences melt pool shape, if an equivalent normalised energy density is utilised,

approximately similar values of intgrain misorientation can be achieved.

As GND density and grain size is believed to correlate to recrystallisation kjhgétsthese results
show that it may bedifficult to induce differences in recrystallisation kinetics by varying laser

parameters alone, whilst remaining at an equivalent normalised energy density.

Figure 52hows a histogram of grain sizes presgneach sample. The 100 bin histogram has been
modified to reflect the area of the grains in each bin. This is because a very large number of fine grains
saturate the lower end of the histogram. However, the majority of the microstructure area is taken

up by large grains, and these largely determine groperties of the overall material. All of the
KA&AG23INIYa aK2g 3INIAY & lekcéicube I which Showssthatiazhighn n nn n
LINPLR2NIGAZ2Y 2F GKS YAONPRA&GNHzOG dzNB 2\ Bhe BBSD iShgginglzL) 06 &
of cube 7 is bétved to have been taken too close to the left hand edge of the sample and so this large

grain may be an artefact of this and not fully representative of the processing parameters used in this
analysis. This is further evidenced by the fact that this sarafdo displays a string of fine equiaxed

grains along the left sample edge, which is likely due to heterogeneous nucleation of solidification

nuclei fromthe external powder bed

Samples 1, 3, and 8 observe a microstructure that is dominated by a promatgly smaller overall
grain size than observed in samples, 2, 4, 5, 6, and 9. As with the differences observed in the pole
figures, these differences are very slight and do not correlate to the smallest melt pool width and

depth values discussed previdys
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Figure50: IPF maps with respect to the building direction for all cube8.1All samples display evidence of
epitaxial growth with the majority of grains displaying an alignment between the easy growth direction for
Inconel718 and the build direction.
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