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Abstract

This research investigates how process variables in Laser Metal Deposition (LMD) of
IN718 influence microstructural characteristics, residual stress distribution, and
mechanical properties across the interface region in batb@ssited and posteld heat
treated conditions for repair applications and feature additions. Specifically, the study
explores the viability of LMD for IN718 components, such as hot compression disks, with
a focus on the interface region. Microstructural analysis was performedojsiogl and
scanning electron microscopy, electron backscatter diffraction, and esispgysive
spectroscopy to characterize the metallurgical properties. Bedlepasited and post

weld heattreated conditions were evaluated, with additional analysisaohardness to
understand the influence of laser power. Residual stresses were quantified using the
multiple-axis contour method and-bay diffraction (XRD) measurements. A thermal
model was developed to predict-Situ temperature histories, corretagi with
microstructural features and solidification patterns. A sequentigodpled thermo
mechanical FEA model, calibrated experimentally, was employed to analyse residual

stress behaviour and the influence laser power had on residual stress fields.

The microstructure was sdransvanentecdwitletierbuild i t |
direction and columnar dendrite. Tgnam | ase
size and crystallographic texture, which varied between a cube and a <001ibfBD
Substructure columnar dendrites were observed in the deposited material, extending
across multiple layers in some instances. EDX analysis showed migration of alloying
elements, with dendrite cores enriched in nickel, iron, and chromium, andenignitic

regions enriched in niobium and molybdenum. This migration led to niebnmohed
nucleation sites for Laves phase precipitation, forming networks throughout the build.
Furthermore, the laser power was shown to influence the microstructuraéfelita the

volume of Laves phase produced and dissolution of precipitated phases in the interface
region. Posive |l d heat treat ment successfully p
enhancing phase distribution. Additive manufacturing induced comp$gcued stress

fields, primarily from thermal gradients and rapid heating/cooling rates, with the Thermal
Gradient Mechanism explaining the phenomenon comprehensively. Maximum tensile
stress below the melt pool penetration depth was attributed to extremeatlgradients

and cooling rates. Residual stresses were alleviated during heat treatment, enhancing
component integrity. This comprehensive investigation provides insights into optimizing

LMD processes for IN718 repair applications and component enhant&m
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Chapter One Introduction

Chapter 1. Introduction

1.1 General Introduction and Research Motivation

Laser Metal Deposition (LMD) is a rapidly growing additive manufacturing technology
that offers significant advantages in the repair of {ighformance components and the
addition of complex features to critical structures. This technique is espediahtigé

in industries such as aerospace, power generation, and automotive, whevallegh
parts, like turbine blades, compressor disks, and aerospace engine components, require
precise repairs or enhancements to extend their operational life. One roatdeals
frequently used in these applications is Inconel 718 (IN718), a Hiclseld superalloy
known for its excellent mechanical properties, Higimperature strength, and corrosion
resistance. However, understanding the microstructural evolutiomjuaésstress
distribution, and texture formation in IN718 during and after the LMD process is crucial
for ensuring the quality, reliability, and durability of the manufactured or repaired

components.

IN718 is widely employed in harsh environments, where components are subjected to
extreme mechanical loads and elevated temperatures. The alloy derives its strength
primarily from the precipitation of 02060
creep, fatigue, and oxidation. However, labased manufacturing and repair processes
induce complex thermal cycles that can drastically affect the microstructure and residual
stress state of the material. These factors have a profound impact on the maéchanic
performance of IN718, especially in the interface region between the deposited material
and the substrate, which is critical in repair applications.

Residual stresses, which develop due to the rapid heating and cooling cycles intrinsic to
LMD, can lead to cracking, distortion, and premature failure of components.
Additionally, the solidification conditions during LMD influence the grain structure and
texture of the material, with large columnar grains and strong crystallographic textures
being common in additive manufacturing processes. These microstructural features,
along with segregation of alloying elements and the formation of brittle phasesssuch a
Laves phase, can reduce the fatigue strength and fracture toughness of the material,

compromising its performance in critical applications.

Despite its advantages, LMD faces significant challenges when applied to-aslesl
superalloys like IN718. The high thermal gradients and rapid solidification rates can

induce norequilibrium microstructures, leading to inhomogeneous phase distribution,
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micro segregation, and the formation of unwanted secondary phases. These effects can
impair the mechanical properties of the material and increase the risk of residual stress
induced failures. As a result, it is crucial to investigate how process vasailesas laser

power, scanning speed, and layer thickness influence the microstructural characteristics,
residual stress distribution, and mechanical properties of the material, both ir the as

deposited and posteld heattreated conditions.

Moreover, postveld heat treatment (PWHT) is often required to improve the mechanical
properties of LMDprocessed IN718. Heat treatment can dissolve harmful phases such as
Laves and promote the precipitationl of s
strength and durability of the material. However, the interplay between-ttepasited
microstructure and the hetmeated condition is not fully understood, particularly
regarding the evolution of residual stresses, texture, and microstructuraé$eatuoss

the interface region.

Thus, this research aims to address these critical challenges by exploring the influence of
LMD process variables on the microstructural evolution, residual stress distribution, and
mechanical properties of IN718. The study focuses on both tHepasitedand post

weld heattreated conditions to provide insights into optimizing LMD for repair
applications and feature additions in higddue componentdzigure 1.1 demonstrates

LMD utilization for damaged aerofoils. By understanding these factors, this work
contributes to the advancement of LMD as a reliable technology for the additive repair

and manufacture of higberformance parts in demanding environments

Figure 1.1 Utilization of LMD to repairdamaged ardfoils, showing the stages of of repair
process from damaged to machined finishéd].

1.2 Project Aims

This research focuses on assessing the application of Laser Metal Deposition (LMD)
using IN718 forrepairing components in theot section,low-pressure section of an
aircraft engine, such dbke aerofoils, impelledpcking lugs, blade retainers, and casing.

The objectives include advancing the understanding of LMD IN718 microstructures,
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texture, and associated mechanical properties. Furthermore, the study aims to establish
the impact of key LMD process parameters on microstructure and residual stress
evolution for optimization. The investigation will explore the microstructure evolution
across an interface region for both as deposited andttesdéd conditions, along with
associated mechanical properties. Additionally, a comprehensive assessment is necessary
to analyse the distribution of-@&posited residual stress and any changesgitive LMD

repair process and subsequent heat treatment. Lastly, an examination of the effectiveness
of Finite Element Analysis (FEA) thermomechanical modelling in predicting as

deposited microstructure and stress profiles will enhance design knowledge.
Primary objectives of the project include:

1. Develop transient thermal models as a tool to understand the LMD solidification
conditions and evolution of microstructure across the interface region. The
effectiveness and accuracy of thermal modelling for microstructure and
microstructural feature predtion of LMD IN718 will be investigated.

2. Characterise the microstructure and texture across the LMD IN718 interface
region from the substrate to the deposit across a range of LMD process
parameters.

3. Determine the influence key process parameters have on the microstructural
evolution during the LMD of IN718.

4. To characterise the deposited layer morphology, and the influence of subsequent
thermal cycling during each following deposition pass, and to understand the
effect of the prior substrate texture on the deposit texture.

5. Characterise the microstructure of LMD IN718 hiaeated to an industry
standard schedule required by fasters and blade retainer forgings.

6. Investigate the residual stress distribution irdegosited components and heat
treated condition to understand its effect on {moathining.

7. Develop a transient thermmechanical model which will facilitate the
understanding ofin situ stress behaviour and peatposition equilibrium

behaviour.

1.3 Thesis Structure

This thesis investigates the microstructure and crystallographic texture evolution across
the interface of a Laser Metal Deposition (LMD) joint in IN718 alloy, along with the
resulting residual stress behaviour. A validated thermomechanical model faveaddit

manufacturing was used to analyse temperature and stress responses.
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1 Chapter 1 introduces the project, discussing the benefits and challenges of LMD
in additive manufacturing, with specific focus on IN718.

1 Chapter 2 reviews the metallurgy of nickelsed superalloys, heat treatments,
and relevant literature on LMD and IN718.

1 Chapter 3 details the experimental setup, materials, and procedures, including
residual stress analysis techniques.

1 Chapter 4 focuses on melt pool formation and temperature evaluation in LMD
IN718, analysing process parameter effects.

1 Chapter 5 introduces a finite element analysis model, validating it with
experimental results to study temperature field impacts on microstructure.

1 Chapter 6 investigates microstructure and texture evolution during LMD,
discussing the influence of thermal history and heat treatment.

1 Chapter 7 examines how LMD parameters affect material geometry,
microstructure, and hardness.

1 Chapter 8 analyses residual stresses, using contour and XRD methods to
understand their development.

1 Chapter 9 summarizes findings, evaluates LMD for IN718 repair, and suggests

future research directions.
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Chapter 2: Literature review

2.1 Overview of Material

Inconel 71§1IN718), a nickelbased precipitatichardened superalloy, is widely utilized

in demanding operating conditions, particularlyaw-pressure turbine blades, aero gas
turbine sections, and highressure gas wells. It possesses exceptional strength, fatigue
resistance, and corrosion resistance. The aerospace industry benefits significantly from
its application in turbine blades for higinessure operations, showcasing excellent creep
strength up to 650°(1].

In recent times, there has been substantial research interestasdimetal deposition

of Inconel 718 Alloy. This attention is primarily driven by the unique microstructural
characteristics achieved, attributed to the alloy's low aluminium and titanium content.
Conventional manufacturing processes for Inconel 718 sections eatabatrks such as
extended production cycles, high material wastage (resulting fromnosifacture
machining), and elevated costs associated with thenexhanical processingvhich

involves high input energy.

Inconel 718, a leading superalloy, excels in intense operating conditions and finds
widespread use in hydrocarbon extraction equipment, particularly in combating corrosive
elements likenydrogensulphide,carbondioxide, and chloridef2]. Alongside aerdoils

on a aircraft engine blisi§chlumberger has employed it in downhole applications, where
aggressive volumes diydrochloricacid are utilized to facilitate the extraction process.
The alloy's superior corrosion resistance extends to hydrogen embrittlement and
aggressive pitting, making it a preferred choice for-@ggine sections, with exceptional
creep rupture strength up ®@80°C [3]. However, a deeper understanding of its
microstructures and phases is essential to meet the rising demand. Despite being highly
weldable, challenges such as strain age cracking and Heat Affected Zone (HAZ) micro
fissuring necessitate careful consideratainthe alloy's chemical composition during
welding, especially with the introduction of Niobium as an age hardemieich
introduces a further challenge of Laves phase formation in the fusior4jomable 2.1
outlines a nominal chemical composition of the alloy, detailing the volume of key

alloying elements.

Matthew Ferguson 2024 Page5



Chapter Two Literature Review

Table2.1 ATSM standard Inconel 718 chemicalomposition[5].

Nb
] ] Other
Element Ni Cr Fe & Mo Ti Co Al Mn
Elements
Ta
Composi 2.8 0.65 0.2 Si, Cu, N,
) 50- 17- 4.75 N X 0.02
tion Balance - - o1 - 00. O, P, Ca,
55 21 -5.5 0.05
(Yowt.) 3.3 1.15 0.8 Mg, Se

The precipitatédhardening nickelron-chromium superalloy exhibits excellent flow stress
behaviour at elevated temperatures, which is constant from room temperature up to
around 650°{6]. To categorize a superalloy, three attributes are often ddifjred

1. Withstand significant loads at homologous temperatures up t@0.6T
2. Resist mechanical degradation at elevated temperaierethermally activated,
inelastic creep
3. Be able to withstand highly corrosive operating conditions such as hot gases, high
sulphur content and the ability to withstand seawater intake which promotes
oxidation
The two precipitates that considerably enhath@mechanical properties are coherent
ordered spherical faementred cubic (FCC»0 phase compAl Tisandhg of
articulate diseshaped bodygentred cubic tetragonald 6 phase encompas
niobium, titanium and aluminium BIi(Nb, Ti, Al) The most important strengthening
mechanism arises from thed 6 p r e ¢6]. Understanding the importance of
strengthening precipitates, temperature and creep was demonstr&tatitmy et al[8].
Figure 21. shows the IN718 tensile stress relaxation behaviours at elevated
temperatures, the stresgain curvesighlightthe importance of temperature and creep

for IN718 applications
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Figure 2.1 Engineering stressstrain curves for the heatreated microstructure (HT) at
various temperatures, with data from the-asceived material included focomparison[8].

2.2 Microstructural phases of Inconel 718

Inconel 718 demonstrates exceptional mechanical properties across a broad spectrum of
temperatures, ranging from 250°C for applications such as liquid storage containers to
650~700°C, where it serves as the primary alloy for turbine disc applicationg [23].
extensive operational capability can be attributed to the microstructural characteristics
and hardening mechanisms inherent in the material, primarily achieved through a solid
solution/precipitation hardening process. As a precipitegtoengthenedickelbased
superalloy, the principal source of strength in Inconel 718 arises from the formation of
2006 [24]. The investigation of phase statb
the superalloy's mechanical propertidgie main phases present in Inconel 718 are
(detailed inTable2.2): gamma pr i me T face centred culmedliz(A,Tiyfer e d
gamma doubl BCTp bodyncentrgd tetiagonalNisNb; hexagonal ordered

NisT i (d); ort horsMombbektt ar de mpodndsiamk dtherl | i ¢
topological closgpacked structures including 1 and Laves ph8ke

The microstructure of superalloys is characterized by an amalgamation of various phases,
(highlighted inTable2.2), encompassin{{L0]:

A The gamma phase, denoted as o, exhi bi
forms a continuous, matrix phase to which all other phases are retained. A
significant concentration of elements such as cobalt, chromium, molybdenum,
ruthenium, and rhenium.

A The gamma prime precipitate, denoted
c o her ent-matrix and rich in elements such as aluminium, titanium and

tantalum. Inthe nickel r on superall oys a related 92
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A Carbides and borides are often formed when Carbon, usually present at
concentrations around 0.2% reacts with titanium, tantalum and hafnium to form
MC carbides. During processing these
boundaries which are rich in chromium, molybdenum and tungsten.
A The major hardeni ng (NidNbB) phase whichransfemsme t a .
to incoherent orthorhombidi (NisNb) phase in equilibrium. All three major

strength contributing phases are of th8A t ype: where 200606 and

on the compositonNNb, wher eas t hes3ATH)[lpPhhase con

With a large capacity for solid solution hardening elements such as iron, chromium,
molybdenum, tungsten, vanadium, titanium and aluminium. These elements have atomic
diameters 113% larger than that of Nickel which attributes to the hardesiifegt[12].

Table2.2 IN718 phaseg13].

Phase Crystal structure Chemical formula
o fee Ni
A" bet (ordered D0s5) NizNb
~ fecc (ordered L1,) Niz (Al Ti)
) orthorhombic (ordered DO, ) NizNb
MC cubic B, (Nb.Ti)C
Laves hexagonal C1y (Ni,Fe,Cr)s(Nb,Mo,Ti)

221 ' AiT A OOEI A jrb6qQ ATA ' AiT A $1 OAI A 0OE]
The IN718 superalloyderives its primary strength from the uniform distribution of
precipitates of gamma doubl e pri[iThisod, v
alloy exhibits superior mechanical properties, attributed to the dispersion of precipitates
possessing super lattice crystal structures withinthedaeent r ed cubi ¢ gammn
These precipitateéseenin Figure 2.2) impede dislocation movement by incurring an
energy penalty associated with their faulting following the passage of single dislocations
[15]. Crystallographically, the intermetallic gamma prime features adewcted cubic

(L1_2) Ni3 (Ti, Al) development, containing over 2 wt.% combined Al + Ti content post
appropriate heattreatmdd®]. I n contrast, intermetallic
has a bodycentred tetragonal crystal structure with approximately 5 wt.% Nb. Gamma
prime precipitation predominantly occurs via grain boundary nucleation, although the
majority disperses unifarl y t hr ou g h o ut Nucleation s faciitated by x [ 2
crystallographic coherency between the gamma and gamma prime phases, hindering

particle coarsening. Gamma double prime exhibits slower precipitation kinetics, being
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metastable, with delta phase stability prevailing above 850°C. Rapid coarsening kinetics
further diminish useful stability to about 700f2].

Figure 221 nt er granul ar 920/ 20606 phases in the aust
cooling + 955 UC I 1 h/air cooling + 720 UC
[16].

The | attice mismatch at 26/ 2 and 20606/ 92 i

impeding dislocation movement, enhancing Inconel's strength. Additionally, the anti
phase boundary (APB) energy in ordered ¢
required for dislocations to traverse th
primary strengthener inNI718, stable between 500°C and 900°C, precipitating with a
{100}o habit and configuring the ¢nLniOdNY &1
<001>2 within the austenitic matrix [ 33]
the 600°C to 900°C range, exhibiting a cdbeube orientation relationship with the

matrix [17].

Tailoring the size distribution of embedded gamsqma i me ( 06) preci pi t
through varied heat treatments, optimizing mechanical properties for specific applications
[18]. The material's performance is intricately linked to changes in precipitate size
distribution (PSD) and phase chemistry, necessitating precise control and understanding
of these aspects during coolifitf]. The strength of Nbase superalloys is established
through microstructural parameters like volume fraction, morphology, and size

di stri but i on [16]fIncreaSing phe eoacentratibnaot peesipitbdeming

elements enhances the volume fraction of precipitates, consequently strengthening the
alloy [20].
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The volumetric relationship between 2060
documented to be approximately 3 accordinditerature [21], [22]. Li et al. [22]

proposed that heat treatment does not significantly alter this fraction ratio. They observed
that hotrolled IN718, subjected to AMS5663 heat treatment, contained approximately
12.33 wt. % of t he c onrabedN@él8, thp Volarsedcionofd + ¢
200 is approxi mately 15 %, 2B]eComsagaently, @ c o n
can be inferred that the 206 phase does no
the primary source of strengthening ari se

mismatch and volume fraction combinati@4].

222 AEA 1 DPEAOA

In IN718, the orthorhombic crystal structure of Ni3Nbforms grain boundary
precipitates, typically nucleating between 700 and 10JQaT or within the range of

7501 1020°C[25], with the fastest nucleation around 90q3@]. Or i gi nat i ng at
boundaries, it evolves into thin plates and elongates into phase grains, exhibiting full

i ncoher ence 3] Whileits btrengthenimganpact issmodest, it effectively
inhibits grain growthby pinning the grain boundarieg-igure 2.3). At extreme
temperatures, the U phase nucleates-from
aging of the 20606 phhae[@fr aShtsrf eorr grtsh @ mit g nb
i's influenced by coher enc y-axiwdigtohiont Beywndmat r
650AC, the 00606 phase decomposes to the t
concurrent strength declifg5]. Thi s transition from 2606 to
accelerates above 650°C, limiting applicability to -sobversion temperaturg26] .

Delta phase precipitation occurs around 7750 5 0 A C, wi t h t he a
precipitating from s upid008°@G,exnhibitng @atshaped mat r

or globular morphologies at grain and twin boundd2&$.
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Figure 2.3 Inconel 718Microstructure after thermomechanical treatment (a) grain size and
(b) gr ai n-phhse precigitatiorydistiibutiofi28].

The formation of U precipit aelementinteractibone c 0 n ¢
and the coherent mi s ma {18]hAdjistng thes Al/Mi rabod 6 a |
(beyond 1) or increasing the Al + Ti content reduces the lattice mismatch and volume
fraction of 006606, i nhi bi ti ng [26][R9. Saturationi n g
o f -phése precipitation depends on aging temperature and alloy compd¢2kion
Despite t h e i r-phaseoprepipitatds ocongribute minimally tiN718
strengthening. In fatigue crack propagation studies at room temperature, increased
granul ar a phase vol umes accel erated t
transformation to 4, i nduced [3D]yTheangedl®» g t i
|l i ke U phase impedes dislocation 184]vemen
During isothermal compression, pldtese ke U0 phases spheroidi ze
dissolution breakagf82]. Shortr od U phases form on grain

impacting fatigue performance alongside other strengthening pgi3dges

Nucl eating at -gphase poecaidmairi @i, o foll ow
with G4 forming partially through 020606 tr
900Cand 960AC, 0 precipi tha[l2¢ Fhe crystplloglabhjc a n d
relati on bet wphase plate nmoahology[®2]: and U

{111} || (010) <110%|| [L00]:

Phase transformations occur under speci f
transitioning to stable . Up to 900AC,
further 066 phase precipitation is not pi
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2.2.3 MC Carbide
MC carbide formation results from the interaction of carbon (up to 0.2%) with reactive

elements like titanium, tantalum, and hafnium. Typically decomposing into chromium,
molybdenum, and tungsteni ch M23 C6 and M6 C, t-grans e C
boundaies[10]. The primary carbide, denoted as NC or (Nb, Ti)C, appears as discrete
block shapes irregularly distributed within grains and along grain boun{iE3ie$ hese
boundary carbides prompt a fracture mode transition from transgranular to intergranular
at room temperatures. During plastic deformation, stress concentration at the
carbide/matrix interface induces miecoacks, relieving localized stress. Dependimg
carbide distribution, these micayacks coalesce, facilitating intergranular fracture and,
with sufficient size, restricting grain boundary movement to enhance ruptuEsfjfe

2.2.4 Laves Phase
The formation of the brittle intermetallic Laves phase, represented as (Ni, Cr, Fe)2(Nb,

Mo, Ti), often occurs in interdendritic regiofseen inFigure2.4), adversely impacting
morphology and composition of the Laves phase depend strongly on the thermal cycle
the material undergod83][34]. Micron-scaled Laves, hard and brittle with irregular
shapes, form due to miesegregation of alloying elements at the end of solidification
[35]. The rejection of alloying elements from dendrites during solidification, particularly
high Cr and Fe content, leads to Laves phase formation in slow solidification processes,
along with Nb segregatiof86]. The presence of Laves phase within the structure
significantly reduces mechanical properties, causing a decline in ductility, ultimate tensile
strength, and fatigue behavid@7], [38], [39] Homogenization, an effective pestld

heat treatment, dissolvele Laves phasénto the matrix to precipitate strengthening
phases | i ke 2006. However, chall enges suct

presenting practical concerf#][41].

‘| Deposition direction’ ;
4 :

5 X
2 10pm }

Figure 24 Mor phol ogy of the | aves phase and
morphology in the agleposited samples and (b) after ageing at 89@3C12h [42].

C«
©
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Controlling Laves Phase through deposition techniques.
Controlling the behaviour of the Laser Metal Deposition (LMD) machine is crucial for

solidification phase production. Although beyond the project's scope, current techniques
for tailoring microstructural phases are discussed. Altering the pulsing techwaiidpue
helium shielding gas during GTA welding significantly reduced the Laves phase volume
fraction. Employing a compound current pulsing technique with helium instead of argon
for shielding gas reduced the continuity and thickness of the Laves phasen ldeted

as an inert convective medium, enhancing the weld cooling rate from 43.2°C/s to
394.3°C/s, completely diminishing the Laves netwddd. This resulted in a
microstructure with a mixed fusion zone of coarse equiaxed and predominant columnar
dendrites [4]. The compound current pulsing pattern promoted constitutional
supercooling, reducing the time at the molten pool temperature, and encouraging
equiaxed dendrites. Using the higher equilibrium partition coefficient of Mo, Mo was
favoured for rejection intthe interdendritic liquid43], promoting solute undercooling

and microstructure refinemeft]. This modification led to a reduction in Nb miero
segregation by 232%[44], improving mechanical and creep properties. The accelerated
fatigue crack growth and reduced low cycle fatigue life associated with the Laves phase
were mitigated, as constitutional undercooling melted off secondary arms, hindering
crack initiation and mpagatior{39].

Laves Phase Control Using Qu&intinuousWave
The technique involves operating the laser in short intervals to minimize thermal effects

yet maintain a neasteady state. Employing a modulated square wave with a 50% duty
cycle for Inconel 718 powder melting in laser additive manufacturing, thermgisanal
revealed periodic temperature oscillations. The lasghase peaked rapidly at 2050°C

in 5 ms, stayed at 2000°C for 30 ms, and cooled below solidification temperature before
the next pulse, achieving a peak cooling rate.8fx 13 C/sand an avege cooling rate

of 2.0 x 1@ °C/s[45]. Enhanced cooling rates in Qu&intinuous Wave (QCW) modify
solidification conditions, limiting Nb segregation and suppressing continual Nb

concentration increase for Laves formatjé6].

While rapid cooling increases therm@ahbcking probability, the fine equiaxed dendritic
structure with dispersed Laves phase particles reduces this risk. Mechanical properties
are enhanced through microstructure refinement, but the main precipitating phasé 6 ,
requires further aging. Pedeposition heat treatments at 925°C and 980°C dissolve
Laves phase to some extent, with neditle delta phase precipitating around Laves
particl es. At -sbhu8 8efnferaturea havese phase diminishes.
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Considerations for posteld treatments are crucial, as direct aging versus solution
treatment f ol | owe dphdse preaigtationgluenoaow heatng rhtest o
and Laves phase dissolution during STA, especially in interdendritic regionsckitkbyi
content[47].

2.2.5 Solidification Processes
Understanding solidification is crucial in engineering materials, especially in research and

development. In a molten state, materials are easily shaped during manufacturing, as shear
stress approaches zero. However, solid materials have higher flow, st@ssing
overcoming in processes like forging. Solidification involves extracting heat through
conduction, convection, or radiation, and controlling the energy extraction rate is key.
Heat flux, a complex system, includes cooling rate, solid formatit®) specific heat,

and latent heat of fusion. This is significant in additive manufacturing, where grain
structure defines solidified metals. Columnar grains neardieles exhibit high aspect
ratios [10]. Alloys' solidification microstructure, controlled by cooling conditions and
local alloy composition, becomes challenging due to fluctuating melting and
solidification temperatures. Continuousmelting and solidifying during subsequent
layer addition futher complicate solidification conditiongigure 2.5 schematically
presents the complex integlationship with thermal gradient, G, and solidification

velocity, V on the resultant microstructure.

¥ g omierine,  LO/ Equiaxad
Walding speed v % dendritic
—

il Dt
' WELD POOL A -|_; L 'I;‘-L Drendritic

Fool

boundary Columnar
dandritic

HIGH ¢

LU"W R p * Planar, cellular

Fuam"rrl:lne BASE METAL

Figure 2.5 Variation in thermal gradient, G, solidification growth rate, R and corresponding
grain structure[48].

Local solidification conditions dictate the formation of microstructures in bothriamnge
and shorrange order. Parameters such as temperature gradient (G), growth velocity (R),
degree of undercooling, and alloy compaosition play pivotal roles. Durlidifation in

the fusion zone (FZ), the temperature gradient and growth velocity vary along the
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solidification front towards the rear end of the melt pool, influencing grain morphology
At the fusion line, where the melt pool contacts the 'cold' base material, temperature
gradients spike. Towards the centreline, -gdtdified material extracts less heat,
resulting in a low temperature gradient. This variation in both G and R alongdhe p
boundary significantly impacts nucleation and growth. A high G/R ratio favours cellular
growth with little constitutional undercooling, while low G/R ratios |éadarge zones

of constitutional undercooling, allowing for the formation of columnar dendritic or, at

extremely low G/R ratios, equiaxed dendritic struct(4&s.

Microstructural predictions can be obtained by understanding the relationship between
Thermal gradient, G (K/cm) and solidification front velocity, R (cm/s) during the
deposition processFigure 2.5 aims to graphically display these understandings,
including, G, R, arc length, undercooling and swoeding. The melt pool circumference
(MPC) length attained ifigure2.6, is the length of the circumference of the melt pool,
starting from the bottom to the top of the melt pool.

o
—

Undercooling,
Constitutional
supercooling

MPC length

MPC length —»

Figure 26 The G vs. R relationship derived from[49]; (a) displaying
undercooling/constitutional super cooling versus melt pool circumference showing the low
nucleation transition to high nucleation (columnar to equiaxed transition), (b) G vs. R trend
explaining columnar to equiaxed morphologyc) variation of the G/R ratio considering the
MPC length (d) MPC length from bottom taoop [50].

Important conclusions can be derived from solidification front velocity and thermal
gradient, explaining common phenomena experienced while depositing molten material
[50] :

1. Heterogeneous nucleation varies with respect to scanning speed, powder feed rate

and thermal energy conducted through the material. Increasing the scan speeds
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and powder feed rate or reducing the heat source power decreases the thermal
gradient, Gresulting in an increase in solidification front velocity, R and a higher
amount of equiaxed grain structure in the part.

2. The ratio of thermal gradient to solidification velocity ratio is vital, a G/R>1
outcome a low rate of nucleation due to overpowering thermal gradient to
solidification front velocity, on the contrary, G/R<1, these condition favours a
high rate of nucleadn due to the solidification velocity overpowering a smaller
thermal gradiengFigure 2.5c.)

3. Experimental data captured in this proj€Eigure 2.7) which often displays
columnar dendritic morphology (smaller MPC length) near the substrate (black

dashed line) and a more equiaxed microstructure away from the interface region
(larger MPC length)

Figure 2.7 Optical crosssection micrograph of asleposited Inconel 718 deposited using the
laser power of 950W.

In reflection, as the length of the melt pool increases, an increasing trend of undercooling
and constitutional supeooling results, leading to a more columnar to equiaxed transition

until the G/R ratio reaches 1. Given this, by understanding the temperature history and
how the different process parameters directly affect the thermal history, a microstructure

evolutioncan be engineered according to the requirements.

2.2.6 Dendritic Growth
Numerous substances exhibit a crystallization phenomenon wherein the actual

crystallization process occurs not at the melt temperaluwg (epresenting the liquid
solid equilibrium, but rather at a temperature lower tham hisstate is regarded as super
cooling; the degree ofT=3wigfpt]. cooling cor |

Nucleation theories posit that within a liquid, fluctuations give rise to small aggregates
capable of initiating crystallization if their size surpasses a critical threshold at the specific

temperature. The critical value is contingent upon the naturaucé&ation, whether
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homogeneous (involving aggregate formation within the liquid) or heterogeneous
(involving solid particles on surfaces acting as nucleation trigger agents). Under
heterogeneous conditions, where external particles induce nucleation, crystallization

occurs aa higher temperatufél].

Solidification occurs when protrusions, formed through exothermic crystallization
reactions, maintain temperatures below the local liquid temperature. If the temperature
gradient exceeds the critical value, thermal rising causes the protrusion tips backelt

[52]. During phase changes, crystallization generates thermal energy, conducted away
from the solidliquid interface, influencing microstructure formation. Defects enhance
solid protrusions, creating varied microstructures, with cellular and dendritic patterns
depending on supercoolingwo common morphological patterns are cellular and
dendritic depending on the degree of super cooling, where dendritic growth is dominant
under | ar g e[53.tgatdransfer drieds sohddicateon, removing liquid metal
superheat and heat of fusion. Macroscopic and microscopic influences alter isotherms,
thermal gradients, and species transport modes. Convective heat transfer affects thermal
transport mechanismsand macrostructure, especially in horizontally oriented

solidification under varying thermal gradiefsl].

After nucleation, crystal growth occurs uniformly, driven by local heat flux. The
temperature gradient (G<0) causes heat to flow from solid to undercooled melt, resulting
in morphologically unstable interfaces evolving into dendritic grains. Unidirectieal

flux (G>0) leads to planar, cellular, or dendritic morphologies as heat transfers from

superheated melt to cooler solib].

Columnar dendritic grains, prevalent in additive manufactuging rise to anisotropic
mechanical propertiesThe reoccurring dendrite growth comes from preferred
crystallographic directions due to anisotropy in surface tension and attachment kinetics
[13]. The alloy exhibits elongated grains in thaild direction forming the <001>
orientation. During dendritic growth, the parabolsithpe dendrite tip flutes laterally,
developing secondary and tertiary arms. Feemtred cubic crystals mainly grow in one

of the six <100> directions, aided by substrate heat ginkidividual dendrite axes align
with heat dissipation, influencing polycrystalline structures. Inconel melt pool
solidification hinges on latent heat conduction, with complex interactions among
temperature gradients, cooling, and growth rates determining alloy solidification
dynamics[52] [54]. Figure 2.8 displays the dendritic growth into a supercooled liquid

with primary, secondary, and tertiary perturbatifogy.
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Figure 2.8 Dendrite growing into a super cooled melt of pure succinonitrile showing primary,
secondary, and tertiarperturbations[53].

2.2.7 Micro -segregation during solidification

Protrusion formation forces solute to be rejected laterally and to pile at the root of the
lump, this lowers the equilibrium solidification temperafwausing recesses to form, to
which trigger the formation of further protrusioffgure2.9 depicts) In the final stages,

the protrusion develops long arms or cells growing parallel to the direction of the heat
flow. Solute rejection, an important phase composition in IN718 which can formulate the
Laves phase solidify at the lowest temperatures in gotgate. On the other hand, the

tips grow into the hottest regions and contain the least solute concentration. As mentioned,
the remaining liquid between the cells may reach eutectic composition and result in an
additional phasgb2].

Cellular microstructures obtain stability in a limited range of temperature gradients, as
the temperature gradients are lowered, secondary arms develop, by further lowering the

temperature gradients, tertiary arms develop, i.e. dendrite form.

It is noteworthy that under unidirectional solidification, there is virtually no temperature
gradient perpendicular to the growth direction. The development of dendrite arm spacing
significantly diminishes constitutional supercooling to minimal levels. retaionship

is evident as an increase in cooling rate results in a decrease in dendrite/cell arm spacing.
Consequently, longer cooling times afford less opportunity for lateral diffusion of rejected
solute, necessitating smaller distances between aranggao mitigate constitutional

supercooling52].
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Free dendritic crystal growth necessitates an undercooled liquid melt to serve as a sink
for the rejected latent heat during groyi®]. The distribution coefficient, or partition
coefficient(ko), characterizes the namiform distribution of alloying elements within

dendrite arm spacing, governed by solidification thermodynal®sifds

. 0
Q -

0
Whered and6 are the concentrations of solute atoms in the solid and liquid interface,

respectively.

In most cases, the distribution coefficient (kO) is less than 1, favouring the retention of
elements in the liquid during solidification. Consequently, the concentration of alloying
elements in the liquid increases. In alloys such as Inconel 718, un@degonditions,

the liquid composition may attain eutectic composition.

T

d

Figure 2.9 Temperature variation with respect to time during solidification process of a super
cooledliquid [53].

In the past decade, substantial research has focused on comprehending and modelling
mechanisms that accurately predict solidification pattdf8, [59], [60] While
significant progress has been made in predicting dendritic formation through
considerations of interfacial physics and heat transport phenomena, challenges persist in
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determining suitable boundary conditions at a moving interface to govern the required

interfacial physics for predicting growing dendrites.

Columnar to Equiaxed Transition

Solidification processes exhibit two predominant morphologies: columnar and equiaxed.
These can be categorized as constrained or unconstrained growth. Constrained growth
involves isotherms limiting growth rates and inducing undercooling at perturbatson tip
resulting in directional growth along the preferred <100> diregiipnin additive layer
manufacturing, achieving homogenous nucleation is challenging due to significant
undercooling. Instead, heterogeneous nucleation is common, occurring on preferred sites
like inclusions or substrates. Surfaces such as container waljsawmr boundaries
facilitate nucleation, while defect zones like vacancies or dislocations pronj6fg. it
Nucleation at prexisting sites requires minimal undercooling (~1K), reducing the
overall surface energy of the nucleus. The columnar to equiaxed transition is influenced
by constitutional undercooling ahead of the solidification front. Under colunmoartiy

local temperature is regulated by heat extraction. Understanding these morphologies and

nucleation conditions is crucial in optimizing additive manufacturing processes.

Local solidification conditions are influenced by isotherm location and nucleation
undercooling, determining the formation of equiaxed nuclei. Research byKair{s5]
established a critical value, indicating that below it, columnar structures persist even with
equiaxed nuclei ahead of the planar front. However, increased volume fractions enable
equiaxed nuclei to be incorporated into the columnar structure.ef@Zs[55] criteria
specify a fully columnar microstructure when equiaxed grain volume is below 0.66% and
a fully equiaxed structure when it exceeds 49%. This critical insight, illustrakégure

2.10, contributes to understanding and controlling solidification processes for tailored

material propertiefb5].
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Figure 2.10 Graph of G vs. V displaying criterion for equiaxed and columnar morphology.

The grey square establishes thenditions forEL MF pr oces s .

equiaxed graing71].

The combination of processing parameters can be evaluated through analytical or

a

i s

t he

numericalmodelling with microstructure maps to enhance the understanding of CET.

Kurz et al[55] studied the local solidification conditions at the liquid/solid interface as a

function of melt pool geometry and position along the interface rd§igare2.11). By

solving heat diffusion equations by Rosenthal, the evolution of local solidification

conditions along the solidus isotherm are established for laser metal forming under

specified processing conditians
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Figure 2.11 Processing map explainingominant microstructure as a function of Laser

Power vs Scanning Speg85].

Matthew Ferguson 2024

Page21l

\Y



Chapter Two Literature Review

A range ofempirical moded $88], [B9)based on Hu tmodelingathep r o a c

columnar to equiaxed transition for complex all@ysst, taking account for dendritic
growth modelsFigure2.12. By associating local solidification conditions to conform to
CET criterion, it was possible to predict the expected solidification morphology for a set

of processing parameters.

According to Liuet al [66], increasing the scanning speed reduces the temperature
gradient and increases the solidification rate hence producing largercunderl i n g 6 s
a high probability of heterogeneous nucleation contributing to the CET of grain

structures

SOLIDIFICATION PATH —_

| Columnar
T —_—

() . // Equiaxed
N
(b)

Melt Pool
V

Solidification rate [R]

Temperature gradient [G]

Figure 2.12 Temperature gradient G and solidification rate R on grain morphology within a
solidifying meltpool [67].

Ma et al.'sstudy[68] established a significant correlation, demonstrating that subjecting
Inconel 718 to higher energy levels induced a dentitzll transition (DCT) in as
fabricated sections. A morphological distribution map, examining samples at various
energy per unit@lume (Ev) values, revealed a monotonous increase in cell presence with
higher energy. The study identified critical points determining the morphology- of as
DLFed IN718 samples: dendrites, cells, or a combination, with thresholds at 220 J/mm3

and 550 J/mm¥espectively [85].

The prevalence of specific growth modes is contingent upon spatially localized solute and
temperature distributions within the melt pool. As solute diffusion occurs near the
solid/liquid (S/L) interface, heightened solute concentration leads to a redirctio

liquidus temperaturel() for the alloy. The accumulation of solute contetit)(at the
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grain front deviates from the nominal alloy compositi@a){ thereby giving rise to
constitutional supercoolinggd{T). This constitutional supercooling is defined as the
difference between the liquidus temperatufe) (and the actual temperatur€adua)

within the mushy zone, normalized by the difference between liquidus and solidus
temperature$49]. Figure 2.13 graphically displays the inteelationship ceexisting at

the SL interface.

(2)
1 = AC
Ry Lu
= Rx 7 + ‘
R
v N M G
Melt pool

A T

Mushy zone ‘

Distance Liquid Solid

Figure 2.13 (a) Grain nucleation schematic near melt pool. L and S are liquidus and solidus,
respectively, (b) and (c) hypothetical solute concentration and relevant temperature profile at

the interface. Horizontal lines represent the distance from grain fronts alasaiidification
direction. U i s act uaddentpei9hper ature sl ope, th

Heterogeneous nucleation, a rapid process during solidification, is notably influenced by
undercooling, particularly constitutional supercooling. A crucial revelation in
understanding growth mechanisms and local equilibrium conditions in the additive
manufcturing of IN718 is that undercoolings at the melt pool's base are relatively

mi ni mal (pT<1.0K). These small wundercool i

nucleation, leading to the predominance of epitaxial gr¢49h

2.2.8 Rapid Manufacturing Microstructure
Inconel 718, when initially deposited, exhibits a microstructure comprised entirely of

columnar dendrites growing epitaxially on the substrate material, aligned with the <100>
crystallographic orientation along the build direction. Laser Metal Deposititutes the
formation of a significant Laves phase during solidification due to alloying element
micro-segregation, with insufficient cooling rates hindering the precipitation of
strengthening phases | i ke 200 @tainmedlades Po s

phase into needlike delta structures in the intelendritic regior1].
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The columnar dendritic growth is influenced by epitaxial growth from partiaigeked

grains in the previous lay@9], serving as prauclei for crystal growth. Rapid cooling
rates lead to fine dendrite arm spacing (5um), contrasting with cast microstructures
having coarser spacing (4D pm) [70]. PowdesBed Fusion results in columnar
dendritic or fine cellular patterns perpendicular to the build direction and a fish scale
pattern parallel to it. High cooling rates foster fine dendritic morphology, micro
segregation in interdendritic regions, ahé development of Nano/micro carbides and
Laves phas@i0].

Laser metal deposition differs from conventional methods by solidifying through
epitaxial growth on the adjacent melted substrate, adopting a preferred crystallographic
orientation. Solidification morphology is governed by temperature gradient and isotherm
velocity, resulting in varied interfaces, from planar to cellular structures depending on
growth rateg71].

2.2.8.1 Laves Formation during LMD IN718
In laserbased additive manufacturing of nickesed superalloys, rapid solidification

induces cooling rates surpassing equilibrium, causing element segregation and the
formation of brittle intermetallic compounds. Notably, Nb redistribution leads tosLave

phase establishment at solidification's
LYo+Laves) resulting in the precip-ichati ol

interdendritic liquids during different solidification stag@g].

Niobium exhibits a pronounced tendency to segregate into the liquid phase, emerging as
the primary segregation element under stmeled conditions, fostering the formation of

NC carbides and Laves phase. Latgal.[73] expanded on this by investigating micro
segregation and Laves formation across cooling rates ranging from 0.1 to 14 KI/s.
Incomplete diffusion processes during rexuilibrium solidification lead to alloy
element segregation and secondary phase form&amwling rates around 1K/s yield an
equiaxed dendrite pattern with miesegregation, while higher rates (up to 3K/s) increase
Laves phase fraction linearly before decreasing at 14K/s. The Laves phase initiates and
propagates hot cracking, contributing tghhsusceptibility during laser metal deposition

due to intensive thermal stress in the fafédcted zone.

2.2.8.2 The Influence of the Laves Phase on Mechanical Performance
In laser deposited IN718, Laves phase, ranging from several microns to over ten microns,

exhibits irregular distribution. Set al [37] found granular Laves phases resist breakage

during tensile testing, impeding crack propagation in {ugtie fatigue tests. The
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heterogeneity di stribution of 200 phase
austenitic matrix and Laves phase lead to stress concentration around-sugleon
precipitates, influencing higbycle fatigue behaviour. The presence and contribution of
Laves phase in laser additive manufactured Inconel 718 are crucial considerations for
aerospace components, necessitating a thorough investigation of their impact-on high
cycle fatigue behaviouThe Laves phase acts as a detour or retarding agent for cracks
during their progression, playing a crucial role in hoylcle fatigue resistanci87].

Under elevated stress levels, however, the Laves phase can break apart from the austenite
matrix, forming microscopic holes or cracks that facilitate uninterrupted crack

propagation.

Tabernerd74] examined the mechanical properties of lasgaired Inconel 718 without
establishing a connection to the Aomiform microstructure [96]. Investigations into the
adverse impact of Laves phase on mechanical properties have been cofddijcfés].

Despite the abundance of research on laser based manufactured IN718, there is a notable
dearth in the predictability of Laves phase formation and its correlation with solidification

microstructures, as well as their consequential influence on mechamipalpes.

The impact of heat treatment on Laves morphology, crucial for understanding its
correlation with room temperature mechanical properties, was investigated élyabui

[70]. The transformation of morphology, resulting in irregular, long striped Laves phases
and granular phases, was notdese findings on Laves phase morphology agreed with
Segerstarke t  .g[16]. ivestigation analyeg the crack formation during LMDed
IN718Long chains of eutectic o/ Laves phase
and due to the relatively low melting point of this secondary phase, the grain boundaries
are vulnerable to liquidation during depositi®esearch indicates there is a congregation

of niobium segregation existing around the Laves phase, these regions contain roughly 9
wt. % of niobium. Literature suggests that the Laves phase requires more than 10 pct.
niobiumtop eci pitate, whereas 0266, the main st
niobium [34]. As a resul t, al most al | 200 pr et
interdendritic regions leading to namiform distribution of strengthening mechanism

[77]. Concentrated zone of strain accumuldtethe laser deposited zone because of the
Laves phase and heterogeneous distributi
the laser deposited layer as opposed to the equiaxed substrate zone. Interestingly, the
Laves phase has almost no capabditylastic deformation at room temperature, rather

above the critical shear stresd aves phase slipped and broke into smaller g&itk
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Microscopic holes form where the slip occurs at the interface, eventual accumulated holes
lead to ultimate failureThe introduction of posprocess heat treatments found that the
niobiummicrecs egr egati on regions around interde
precipitation during direct aging heat treatment. Additionally, variations in laser power
influenced the size and morphology of Laves particulates, with higher powds leve
leading to larger particulates containing fine carbid®§. Extended exposure to high
temperatures, facilitated by high laser power and continual heat input, resulted in the

formationl bokelUsneedteres due to stacking

Summary on agleposited IN718 Fundamentals
This section of the literature review was developed to establish the fundamentals in

Inconel 718 inclusive of the microstructure, and influential effect on mechanical

performance. An overview of understandings include:

1 Cooling rates significantly influence morphological features irdegsosited
microstructures. In IN718, cell spacing relies heavily on cooling rates at the
solid/liquid interface during solidification. Higher temperature gradients (G) and
solidification rdes (R) in the melt pool yield elevated cooling rates, ultimately
producing a finer cellular structufés].

1 Keshavarzkermanet al. [79] highlighted the significance of cooling rates in
determining cellular microstructural spacing. They proposed a cooling rate
approximation based on the ratio of melt pool volume (Vs) to boundary ajea (S

A smaller— results in faster heat dissipation to the substrate, leading to higher

cooling rates during solidification, and conversely, a larggrelds lower cooling

rates.Figure2.14 illustrates this with varying laser powers in an equivalent LED,

where lower laser powers exhibit a smaleratio, resulting in higher cooling

rates and a finer cellular microstructure [101].

1 Laves phase production in LMD is very difficult to control as the micro
segregation of alloys occurs during the cooling of the deposited region. The
microstructural phase is highly detrimental to mechanical properties of the as

deposited components.
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Figure 2.14 Ratio of melt pool volume to surface boundary as a function of |gsewer[79].

2.3 Additive Manufacturing Technologies

Additive manufacturing's nearet shape capabilities have garnered significant attention

in the aerospace industry. This is attributed to potential benefits such as shortened lead
times, fewer process stepgducedmachining, decreased material waste, and a more
environmentally friendly approach. The industry is increasingly interested in exploring
these technologies, with ongoing research aimed at better understanding their capabilities

and limitations.

2.3.1 Introduction to additive technologies
The basic concept of this technology is to successfully fabricate -a@eeomponent by

the means of a focussed heat source fully or partially melting the feedstock, wire or
powder, to build up parts layer by layer. Each layer is a 2D profile of a 3Dejgobuild

part already designed on software such as Solidworks®. The term additive manufacturing
compasses many s@kchnologies such as Rapid Protyping, Rapid Tooling, Direct

Digital Manufacturing, and additive layered manufacturing [1].

Additive layer manufacturing, (ALM) can be categorized into two main families by which
the differentiation is how the feedstock material is subjected to the heat s®uweer

Bed Fusion (PBF) technologies and Direct Energy Deposition (DED).

2.3.2 Powder Bed Fusion Technologies
The principle of powder bed fusion is subsequent layers of metallic powder laid on the

build plate, a tool path with a selected heat source partially (Selective Laser Sintering) or
fully melts (Selective Laser Melting) the powder which cools and solidifigiéding the
geometric shapeFigure 2.15. The substrate is fixed by means of support, sacrificial

structures uphold overhangs and inert gas is pumped into the chamberby-teyesr
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predetermined thickness of powders are placed on the substrate and the heat source

(Electron beam or laser) follows the CAD toolpath to condense buildiodut

(The original Direct Metal Laser Sintering (DMLS) process diagram has been removed
by the author of this thesikie to copyrighteasonsFor the full illustration, see
Nexa3Dos AMet al 3 D H htips/heaxaBdcor@hido/ddelitve b1 o g

manufacturing)

Figure 2.15 Laserbased powder bed fusi@thematid81].

An important consideration to achieve a hgghality built part is the homogeneity of the

layer thickness. Various advancements have been developed to manage the powder
control, a concise powder delivery system should maximise the powder flow ability while
minimizing the formation of particle cloud®2]. PBF systems have incorporated powder
layer measurement tools whereby visiligght contrasts anomalies of the entire bed, when
detected, the recoating process is repeated to ensure homogenous disf@ibltion

Laser based systems (Direct metal laser sintering/ selective laser sintering/ selective laser
melting) (developed by Renishaw) rely on the main process parameters incorporating
laser beam diameter to optimize the build quality. Whereas the electron beem po
diameter of focus, prheat temperature and layer thickness determine control in the
electron beam systems (ARCANB83]. EBMO6s possess higher bu

the penalty of inferior dimensional and surface finish qualities.

Recent advancements in powder bed fusion technologies manages the manufacturing
tools and process development by in the introduction of models. Running simulations can
optimize desired characteristics of the built geometries by formulating process maps
which correlates parameters such as beam intensity and scan speed to grain size and melt
pool geometry. A common problem for the statehe-art is the development of valid

heat input models for buddp simulation. Based on the Rosenthal equation local
tenperature fields are determined for single track thermal models. From this,
uncontrollable proceselated thermally induced distortions are determined and

adjustments to overcome these distortions implemd8atdd
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The build envelopes are restricte¢ptawder bed dimensions and chamber parameters. In
this thesis, especially focussing on the agyace industry many parts are either far too
large to fit within the parameters or are manufactured from high specified materials with

the need of adding hetemgeous material features to components

2.3.3 Direct Energy Deposition
Direct energy deposition is an additive manufacturing technique, whereby, powder or

wire feedstock is introduced directly to a melt pool in a ldyetayer process to
consolidate into a thred@imensional shape. Initially, the work piece is placed onfacair

and depending on the heat source, the atmospheric working conditions change. Laser
based sources require shielding gases to prevent the oxidization or reactivity of metallic
compounds induced to thermal cyclEgyure2.16. A major benefit of this technology is

the build piece isndét | imited to the bui
requires a vacuum environment as they accelerate electrons (rather than photons in Laser)
towards the fusion zone transforminga the feedstock material into a melt pool by
thermal energy. The vacuum environment ensures the electrons are propelled straight to
the work area via electromagnet s, and doc
further benefit is the vacuum creasonreactive working situation diminishing the

oxidation of metallic compounds.

(The original Laser Metal Deposition (Direct Energy Deposition, DED) process diagram
has been removed by the author of this thesis due to copyright reasons. For the full
illustration, see TRUMPF©OGs OLaser Met al - Depo

https://www.trumpf.com/en GB/solutions/applications/additivenufacturing/laser

metatdeposition))

Figure 2.16 Laser deposition schematic diagraf85s].

The process nozzle focusses a concentric laser or electron beam source onto the substrate
surface to create a melt pool, subsequently material delivery is introduced via powder
(laserbased) or wire form for electron beam technolof@€§. The nozzle follows the
toolpath which has been pdetermined via a CAD file and as the source leaves a melt
pool area, it solidifies and condenses into a layer of material. This process is repeated

until the final geometry has been created, as thiseigptimciple for DED technologies,
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there shall now be a discussion on the followingsatiegories which are defined by heat

source.

The DED category encompasses of-sategories dependent on the technology utilized
for additive layer manufacturing. The component moves anywhere on-@ala\¢é and
the laser focuses the powder feed into the melt pool to build uporattie,adding and

consolidating successive layers without any tool8%].

2.3.4 Shaped Metal Deposition
Shaped metal deposition is a relatively new concept to the additive layered manufacturing

family. A novel technique to build nshaped or nearetshape metallic components in

a layerby-layer mannewia applying metal wire and chosen heat source, electron beam,
laser or electric ar@Figure2.17). A technique patented by Rolls Royce Plc, wire and arc
additive manufacturing (WAAMJ80] helps to minimize the amount of material needed
during the deposition technique by depositing beads of weld material in ascending layers.
The mechanical properties of deposited parts are competitive to that of cast and wrought,
this is due to the improvedonsistent solidification conditions experienced during
deposition. The WAAM technique can be further categorized into three major processes
based on the type of electric torch used to melt wire; 3D GTAW (gas tungsten arc
welding), 3D GMAW (gas metal anwelding) and 3D plasma. In these techniques, a wire
feedstock is more favourable due to the higher deposition rate and higher efficiencies

comparative to powddrased fee{B8].

laser beam __

new bead t
.

substrate —

deposition direction S
”~

top view

melt pool nozzle

wire

Figure 2.17 Schematic diagram of Shaped Metal Depositi{@3].

The WAAM technique upholds many benefits comparative to other additive
manufacturing technologies, an attractive benefit, especially for larger component

fabrication, deposition can occur within or without a chambt¥ere is no need for a
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vacuum environment. Due to the immense deposition rates and higher efficiencies,
attraction has grown. On the contrary, WAAM or SMD are very limited to mass
production and cannot be used to produce small intricate shapes. Furthermore, surface

finish is ofen relatively poor and therefore requires further machining proci&&jes

Due to the limitations on intricacy and the generation of small components, this technique
shall only be over viewed and not implementedhe methodology section. A highly
attractive, neanetshape technology which has continued to develop is the Laser Metal

Deposition.

2.3.5 Laser Metal Deposition
Compared to the conventional fusion techniques which include tungsten inert gas, many

advantages favour the revolutionised technolafgyaser Metal DepositiarnThe stability

and repeatability of material deposition promotes homogenous bonding with the ability
to automate the process, the repeatability of processing dynamics creates a higher
production rate with similar fine microstructural characteri§8&. The laser head, or
deposition head encompasses the powder feed nozzle (eithgrator offaxis) the

laser source (concentric begrahd inert gas tubes which move on a maikis robot or

gantry systengFigure2.18). Continual movement between deposition head and substrate
controls the melting and solidification steps. Overlapping tracks are deposited to produce
a horizontal layer. The high repetition of depositing layers solidifying is the adopted

approach for subsegut constructiofi90].

Laser beam

/ Powder
—— Molten pool
w / Base material

Powder nozzle '
Shielding gas A\

Deposited material

Fusion zone

Figure 2.18 Laser Metal Deposition Schemat[@1].
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2.4 Summary

Given the infancy of the LMD process, developing capabilities to understand the
microstructure evolution during deposition has received more attention over the decade.
Understanding the thermal cyclimxperienced, paves way to tailor process parameters
to achieve the desired microstructural evolution and therefore the mechanical properties

of asdeposited materials.

Through developing simulation software and computational methods, this research aims
to provide fundamental knowledge on the importance of process parameters. Correlating
the adjustable configuration of deposition and simulating the thermal field exqeatien

by the material, a microstructural analysis model with the ability to differentiate materials,
processing parameters and resulting microstructure of tuepsited layer can be
verified. An understanding between manufacturing process control paramed actual
functional specification capabilities is of paramount importaf@ which urges
research and development into the correlation between processing parameters and
functional performance of a built part. The extensive review on how each individual
variable process parameter affects the resulting outcome needs to be edtaliisite

this thesis, so that, a process model for build component microstructure can be
established. Firstly, the material of subject will be analysed to understand the stability

behaviour.

2.5 LMD Process Parameter Fundamentals

2.5.1 Effects of Laser Power Increment
Upon review, the basic effect of laser power can be assessed qualitatively regarding single

track analysis, which in turn has microstructural affect. The laser power influences the
track width, crossectional area, productivity of the deposition (inclugesvder
catchment and melting) and the efficiency of the laser beam (regarded as energy

expenditure vs deposition enerf$g].

Thin remanufactured sectionsmelt pool behaviour and processing parameters
correlationbecomes vital in achieving sustainable sectidrigear heat input is defined

as the ratio of input power to the travel speed, an example of the influence for this
parameter change was the microstructural alteration in electron beam depaositdd Ti

4V. By comparing 300 J mito 50 J mmt, a columnar microstructure containing a

mi xture of U + b equil i br-latumorppologyscengrisedwi t h
compared to columnar grains with acicul

formation of the martensitic phases is the outcome for higher cooling[€fes
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A similar relation was developed showing that increasing the laser power, or decreasing
the scanning time leads to the coarsening of the microstru@dfe The length of
columnar grains decreaswith an increase of laser powend a fully columnar to
equiaxed grain structure transition is achieved when the laser power increases from 390

W to 516W with a constant scanning and powder feed [&tg

Employing direct laser fabrication for IN718, thelaslt structures rectified a correlation
betweenlaser power and dendritic morphologiyrom 390W to 910W, although the
powder feed rate needs to be reduced fromg/&8n to 7g/min to avoid the uppermost

build layers contacting the nozzle due to an increase of catchment efficiency caused by a
larger melt pool dimension, the dendritic length increased fromubb@vith an aspect

ratio ~3, to 23 mm long with an aspect ratio around[30].

The melt pool geometry, cell spacing, and grain refinement ofkes®d powder fused
Hastelloy X (a nickechromiumiron-molybdenum) was analysed to build a correlation

to related energy density. Interestingly, it was concluded that the laser powdy direc
effects the melt pool depth, decreasing the laser power (with a fixed scan velocity)
resulted in 60% and 30% decrease in melt pool depth and {vigfhMoreover, the
primary cell spacing increased by altering laser power fromV¥36 300W which is

linked to the cooling rate. Lastly, in general, the microstructure displayed a cellular
structure with epitaxial growth of grains at melt pool boundaries. But with fixed LED of
0.25J/mm, a 90% increase of new grains is observed produeingze increasé¢’9].

The effect of laser power on microstructures and tensile properties of LPBF fabricated
Hastelloy X superalloy was investigated by Beal.[95] The study revealed the-bsilt
microstructure characterized by elongated grains and fibre texture along the building
direction. The preferred grain orientation that the crystallographic direction {001} of most
grains is parallel to the building directiofhe average aspect ratio was calculated to show
an increasing trend with the increase of laser power in 20 W increments. The increased
laser power (energy density) contributes to larger melt pools and lowers the cooling rate,
promoting the epitaxial graw of columnar crystals along the long axis. A strong
crystallographic texture with maximal density poles larger than 5.7 MRD was shown in
the samples. The pole distribution feature is close to the Goss texture of {110} <001> and
is related to the specifibeat flux direction and associated solidification. The texture
intensity increases with the increase of laser poligu(e2.19), as this trend follows the

trend of increased laser power contributing to larger melt pools and lower cooling rates,
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leading to larger, coarser grains aligning themselves along the favoured crystallographic

direction.

Max pole density=5.74 i Max pole density=6.23

Figure 2.19 Pole figures of the crystallographic plane (001) for-asilt HX with laser powers
of (a) 280W, (b) 300W and (c) 320W. (Poispecific crosses denotes the {110} <001> Goss
texture component)95].

Recent work by Muelleet al.[96] aimed to investigate the solidification conditions for
varied line energy (J/mm) whereby the laser power increased from 800 W to 2000 W with
respective deposition speeds. This study concluded that the refinement of the columnar
dendritic microstructure greased with increasing the deposition speed and decreasing
the laser power. Moreover, Wokt al.[97] reported that PDAS values decreased from
8um to 4um for laser powers 2000 W to 1000 W, respectively. Such refinements have a
direct influence on the microhardness and can be represented as a function of cooling rate.
Interestingly, it has been shown that an increased cooling rate suppresses the Laves phas
and Nb micro segregation. It is well known that increasing cooling rate corresponds to a

refinement in dendrite spacifigg].

Sonet al.[99] investigated the influence of laser power on recrystallization temperature
in L-PBF manufactured IN718. The-hsgilt bottom region exhibited consistent <001>
fiber texture, unaffected by laser power. Higher laser power led to an expanded melt pool
volume,while width remained constant. Thermal stresses from rapid cooling acted as a
significant recrystallization driving force. The 390W setting demonstrated the fastest
cooling rate. Recrystallization temperature, post PWHT, was above 1095°C for 370W,
approxmately 1095°C for 380W, and within 108995°C for 390W. This study
highlights laser power's influential role in recrystallization and stresses the dual benefits

of stresgrelief PWHT in reducing residual stress and homogenizing the interface.

Alhuzaim et al. [100] investigated microstructural and mechanical properties in LMD

Inconel 718 by varying laser powérhis research showeddreasing the laser power
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from 300 500 W induced columnar grain morphology, maintaining similar grain width
but increasing in length. Within the 5000 W range, grains continued to grow
longitudinally, with width starting to increase. At 7GD0 W, the width stabilized, and a
slight length increase persisted. Beyond 900 W up to 1900 W, width remained constant
while length reached a steady state. Notably, a significant width increase occurred every
200 W until it reached a constant val&erthermore, th&lb-segregation decreaswith

an increase of heat inpdue to the lower cooling rates experienced allow folNheo

di ssol ve iphasdashe o9 and onj

Lastly, Zhu et al.[101] investigated the impact of laser power and beam diameter on as
deposited Inconel 718. Increasing laser power and beam diameter resulted in the
enlargement of columnar grains. Diegal.[102] associated dendrite core microstructure
with cooling rates, revealing that high rates produced fine dendrites and nearly continuous
inter-dendritic regions. Lower cooling rates led to coarse dendritic andcs@rinuous
interdendritic regions. Addressistyuctural integrity, Zhongt al.[103] demonstrated a

reduction in porosity by elevating laser power

2.5.2 Effects of Scanning Speed
Laser metal deposition is a novel manufacturing concept, requiring an understanding of

laser/material interaction for correlating processing parameters to microstructural
evolution.Wanget al.[104] investigated the impact of varying scanning speeds on the
microstructure, mechanical properties, and texture development in Inconel 718
manufactured via Selective Laser Melting (SLM). It was initially observed that slower
scanning speeds resulted in a lowedth-to-depth ratio (dilution ratio), attributed to
higher energy density enlarging the molten pool. At lower scan speeds, the deeper melt
pool facilitated epitaxial growth, enhancing the strength of the <001> texture. Conversely,
higher scanning speedisd to rapid solidification in shallower melt pools, promoting
nucleation and reducing the growth rate necessary for fine grain structure. This limitation
on epitaxial growth resulted in a decrease in <001> texture streRgfhre 2.20

illustrates pole figure maps for the bottom section in Suigiduced IN718 samples.
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Figure 2.20 Pole figure maps of the SLM produced IN718 with different scanning speeds on
the vertical plane (i.e. aligned with growth direction) for (a) 2300mm/s and (b) 2400 snm/
[104].

Direct energy deposition of Inconel 718 results in coarse dendrites aligning along the
<001> direction, forming columnar dendrites parallel to the build direction [16]. Varying
scanning speeds (25 to 50 mm/s) influences microstructural evolution, ndtabting
dendritic spacing and equiaxed grain size in theneted layer(Figure 2.21). At 25

mm/s, dendritic length and spacing measure 85.6um and 3.92um, respectively. Higher
scanning speeds, such as 50 mm/s, reduce dendritic dimensions to 36.6um and 2.4um for
length and spacin§l05]. The cooling rate exhibits direct proportionality to scanning
speed (vs) and inverse proportionality to laser power

Figure 2.21 Microstructure of columnar dendrites in the top layer of-raelted Inconel 718 at
scanning speeds of (a) 25 mm/s and (b) 50 mfhis5).

By increasing the processing speed, the mianess increased due to the shorter
interaction time between beam and material, enhancing cooling rates providing a shorter
time for grain growth. The processing speed increase resulted in a refined nitwostru

with better hardness properties due to the yielding of softer austenite and promotion of
harder martensitg.06].
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The independent effects of | aser power a
mechanical properties produced by LBPF with PWHT were analysed Bt BR[107].

The overall aim was to increase the energy density volume by marginally increasing the
laser power from 200W (P1) to 300W (P2) but dramatically increasing the scanning rate
from 900 mm/s (P1l) to 1300 mm/s (P2). This comprehensive study demonstrated
highlighted that:

1 The aspect ratio of the grains produced in the deposited region along the building
direction were 2.57 £ 0.50m and 1.99 + 0.58m, for P1 and P2, respectively.

1 Since the columnar grain growth of 7M8 alloy is preferred to grow along the
<001>direction[108], [109] thecolumnar grains in P1 specimens enhance the
<001> texture along the building direction, while a relatively strong <011> texture
IS observed in the P2 specimens.

T The amount of a phase precipitates

Fal)

mi crostructure specimens increased in
precipitate occupies a 33% and 61% area percentage in the P1 and P2 samples,
respectively.

T Measuring the 06 and 20606 strengthening
o f both 096 and 020606 phase precipitates
compared to the P2 samples.

1 The tensile and yield strength of all specimens were similar in the range of 1260
1360 MPa and 1010080 MPa, respectively. Comparable strength contributions
were the grain size and strengthening precipitates, where texture and density were

found to be mior influential factors.

2.5.3 Effect of Raster Scanning Pattern
The categorization of the scanning, raster, or hatch strategy pertains to the trajectory

followed by the heat source during deposition. Various deposition strategies aim to
optimize the generation of intricate geometries while minimizing waste in machining
processes. Common approachdsWiD include unidirectional or bidirectional rectilinear
infill. When building Additive Manufacturing (AM) components, four primary deposition
patterns emerge: unidirectional, bidirectional, ofiset, and fractal (depicted Figure

2.22). Deciding on a pattern involves considerations of part geometry, microstructural

variation, and the accumulation of residual stf&49)].
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Figure 2.22 Deposition strategy: (a) unidirectional (b) bidirectional (c) offsetit (d) fractal
[110].
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Dinda et al. [111] found that the solidification morphology of-deposited IN718 is
significantly influenced by deposition scanning patterns. Unidirectional laser scanning
yields ordered columnar primary dendrites at a 60° angle to the substrate, with the number
of grainsabout an order of magnitude higher than bidirectional. Conversely, bidirectional
strategy (with a 180° direction change between layers) results in primary dendrites
growing at a 90° alternation between layers and a fluctuation of -488°fo layer

boundaies in odd or even layers, as illustratedrigure2.23.

100 pm

Figure 2.23 (a and b) Optical micrograph of the adeposited IN718 samples produced by two
different laser scans, shown schematicaity(c)[111].

Solidification conditions dictate whether nucleation or growth rate predominates. For
facecentred crystals, research highlights the <100> direction as the fastest solidification
path. The growth direction of primary dendrites at 90° to the previoussaysfies the

dominance of growth rate over nucleation. In solidification, secondary dendrites from the
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prior layer act as a growth front for the primary dendrites in the new layer. Nucleation of
new grains demands a greater driving force than the free energy needed foftayjyth
[112]

Studying hatch pattern influenta Laser Solid Form (LSHnconel 718, Liwet al [113]
compared single direction raster scanning (SDRS) to cross direction raster scanning
(CDRS)(Figure2.24). Maintaining consistent parameters like laser power and scanning
velocity while altering the hatch pattern revealed insights into optimal scanning strategies
for mechanical properties. SDRS showed continuous directional growth of columnar
grains, fosterig epitaxial dendrite growth, while CDRS disrupted this pattern, promoting

a more uniform grain size distribution. The study unveiled that recrystallized grain sizes
reflected residual thermal stresses, with CDRS exhibiting a more uniformly distributed
grain size and, consequently, a bulk uniform residual stress distribution. Despite similar
tensile strength between SDRS and CDRS, the latter demonstrated enhanced ductility due
to homogenous grain size. This research underscores the importance of hatoh patter

variation in influencing material properties during laser solid form technology.

///////////;

Single direction raster scanning (SDRS) Cross direction raster scanning (CDRS)

Deposition direction

Figure 2.24 Laser scanning paths implemented by Liu et al detailing single direction raster
scanning (SDRS) and cross direction raster scanning (CDRS.3].

Helmer et al[114] studied grain structure evolution in selective electron beam melting,
exploring complex thermal and hydrodynamic conditions. Different scanning
strategied cross snake (changing hatch direction every layer), cross snake ten (every
tenth layer), and crosaake forty (every 40th layey)were employed to deposit uniform

Inconel718 cuboidsFigure2.25 depicts the hatch pattern.
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a) cross snake (CS) b) cross snake ten (CS10)
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Figure 2.25 Scanning strategies: (a) Cross snake (CS) and (b) cross shake ten (CS10). During
the snake pattern, the beam moves back and forth to infill each layer, upon completion of the
single layer, the hatch pattern direction changes by §024].
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Different scanning methods in selective electron beam melting affect the microstructure.
The standard approach creates a columnar texture in the build direction due to epitaxial
growth and consistent temperature gradients. In contrast,-pasking yieldsa finer,

mostly equiaxed structure because of faster deflection speeds, reducing texture.
Competitive growth is crucial, with temperature gradient changes influencing growth
directions. Zigzagging columnar grain growth occurs every tenth layer, whilaxequi
grains appear at intervals, indicating solidification direction's influence. Competitive
growth within layers and periodic rotation affects grain alignment, shaping the final

microstructure.

Dehoff et al. [115] showcased sitgpecific control of crystallographic orientation by
manipulating beam scan strategies in the context of the columnar to equiaxed transition.
Dynamic switching between solidification conditions and imposing predetermined three
dimensional orstallographic orientations were achieved through varied beam scanning
strategies. While the bulk component was deposited using a continuous snake raster, spot
melting under nominal beam parameters was employed to define the letters 'D,' 'O," and
'E." Rapdly altering from point to line heat source models through beam scan speed
modulation enabled the manipulation of local thermal conditions. This approach led to
highly mis-oriented equiaxed grain structures within the bulk part thickness, transitioning
from a <001> columnar structure due to localized scan strategies influencing the

columnar to equiaxed solidification growth.

2.5.4 Process Parameters Influence on Laves Phase
An appreciation for laves phase production wtdaposited microstructures is detailed. It

can be shown how localised thermal boundary conditions dictate the formation of the

detrimental phase.
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Ma et al.[68] studied the impact of energy density on laser fabricated IN718, observing
that higher energy density led to larger and more abundant Laves phase in interdendritic
boundaries. The average volume fraction of Laves phase increased from 5.23% (at 176
J/imm3) t019.14% (at 600 J/mm3) in the weld fusion zone. Segregation of alloying
elements like Nb and Mo is a tirtependent phenomenon influenced by-equnilibrium
solidification conditions. Increasing energy density and reducing scanning speed elevate
heat accmulation, extending the solidification time of the molten pool. This, in turn,
facilitates easier segregation of alloying elements, particularly Nb and Mo, leading to

increased volume and altered morphology of interdendritic Laves phase [85].

Stevenset al. [84] examined mechanical properties, microstructure, and Laves phase
distribution in direct lasedeposited alloy 718 cuboids, varying laser linear energy
densities (125, 75, and 50 J/mm). Solidification paths differed slightly for each layer due
to varidions in the ratio of thermal gradient at the sdieplid interface and interface
velocity. Initial grain growtlresulted incolumnar and elongategtains aligned with the

most prominent thermal gradient. In the melt pool centre, decré¢lasedal gradient
favoured nucleation overgrowth, resulting in a more equiaxed centre. Hardness varied
i ncrementally along the hatch direction
phase distribution, despite not expected in the initial rapidiifoation. Top layers
experienced rapid cooling, reducing segregation, while bottom layers cooled quickly
upon contact with the substrate. The centre section hypothetically had the highest
hardness due to lower cooling rates, promoting more segregatioavaiable Nb for

|l ater 266 formation. Laves/ carbide phase
2.52% at the top, 3.58% at the top of the previously deposited melt pool, and 1.46% at
the melt pool edge [84].

2.5.5 Conclusive remarks
Complex intesrelationships ceexist between process parameters such as laser power

scanning velocityand hatch patternsin turn, the localised thermal gradients,
solidification rate and cooling rates within the melt pool are affected. The resultant
microstructure which is strictly determined by these factors have influence of grain size,
aspect ratio and as seen, microdiual features which then correlate to the mechanical
properties across the interface region. This pins the fundamentals of prozesstpa
influence on resultant mechanical properties, which will continue to be explored
throughout this studyMentioning a broad range of manufacturing technologies and

materials has exasperated fundamental understandings to correlate the setup of
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manufacturing and what implications this has on the final build microstructure. By
segmenting each individual process parameter, it can be concluded that in fluctuating
every parameter will attain a different temperature history experienced by the esdlidifi
part. The research has established the foundations for varying process parameters to

understand the resultant microstructural evolution.

2.6 Residual Stress Characterization

Residual stress diminishes a component's capacity to withstand applied forces and arises
from factors such as plastic deformation, temperature gradients, or structural alterations.
During the LMD process, accumulated heat can induce localized expansion. Up
cooling, certain areas contract more than others, leading to residualEt@s3 hese
stresses fall into three categories based on the characteristic length over which they

equilibrate.

Type | residual stresses are laragpge and equilibrate over macroscopic dimensions,
resulting from processes causing aonform strain distribution. Such stresses span
multiple grains, potentially leading to macroscopic dimensional changes [155, 1pé]. Ty

Il residual stresses equilibrate over several grain dimensions, while Type Il stresses exist
on atomic scales, balancing within a grain, such as dislocations and point defeets. Low
level Type Il stresses commonly persist in polycrystalline materigdaldifferences in

the elastic and thermal properties of neighbouring gfaihg|, [118]

In evaluating bulk residual stress for component longevity, Type | stresses play a crucial
role, whereas micro stresses (Type Il and 1) are often deemed insignikggune2.26

provides a summary of the various types of residual stresses.
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Figure 2.26 lllustration of different types of macro and micro residual strdd47].
2.6.1 Residual Stress Measurement Techniques
Table 2.3 summarises the capabilities of various techniques used for residual stress
characterization including -Xay diffraction and contour method which are discussed in
more detail in the materials and methodology chapter since these techniques pertain to
this poject. A brief outline of the hole drilling and neutron diffraction principles are
described.

Hole Drilling Technique

The hole drilling technique will relax the localised residual stresses, thereby providing
data for backcalculation. Using a strain gauge rosette, the principle of local relaxation

will be implemented to calculate residual stress ffbhY]:

” ” ” 6r ” ” 6 A .I. c@

Wheredlbe¢ ®are hole drilling constants, and
direction of maximum principal stress, . Itis possible to deduce the variation in stress
with depth by incrementally deepening the hole (incremental hole drilling), it is often
difficult to obtain reliable measurements much beyond a depth equal to the diameter.
Additionally, this method is nggractical for thin (~10Qum) or brittle coating$119].

Neutron Diffraction
Neutrons possess a slight advantage overys due to their wavelengths being

comparable to atomic spacing, allowing penetration into engineering materials at depths
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typically measured in centimetrdsigure 2.27 depicts the principle that elastic strains
arise from alterations in lattice spacing within a crystalline material. Stresses are
computed using the elastic properties of
within a confined volume can be detenad at different locations in the specimen and
calculated using the approach outlinedlih7].
Q Q

Q
WhereQ is the measured d spacing for hkl reflection ahid the stres$ree dspacing
and- is the elastic strain normal to the hkl plane. Once the train is determined at the

given | ocation in three orthogonal direct

stress from the following equation:

p O - 0 - -
p U p q

Where, B and M are the elastic constraints for the direction normal to the planes for
the specific hkl reflection and , - and- are the strains measured in three orthogonal

directions.
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Figure 2.27 Principle of neutron diffraction technique for residual stress characterisation,
showing the scatting vector for a Bragg reflection of crystal plaf&20].
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Table 2.3 Summary of various measurement techniques and their attributes adopted from
Withers et al. [139] N.b. <II> represent volume averaged type Il stresses.

Technique Penetration Spatial Resolution Accuracy Comments
Hole drilling ~1.2 x drill 50um +50MPa, limited  Measures in
(distortion hole by reduced plane type |
caused by diameter sensitivity with stresses and is
stress increasing depth semidestructive
relaxation)
Non-destructive
as only surface
+20 MPa, measurement;
<50 (Al); - iy
X-ray ) limited by non sensitive to
N <5 pm (Ti); .
diffraction linearities surface
) ) <lmm 1 mm laterally; 2Qum depth o )
(atomic strain ) in sirty or preparation; peak
(with layer :
gauge) surface shifts: type | and
removal) .
condition. <II> peak
widths: type II,
1]
; Access
50 x 1@strain,
o difficulties; low
limited by o
200mm for ; data acquisition
Neutrons counting
; ; Al, 25 mm - rate and costly;
(Atomic strain 500pum statistics and ;
for Fe and 4 o peak shifts: type
gauge) i reliability of
mm for Ti I and <II>
stressfree ;
(widths rather
references.
broad)
Ultrasonics )
Microstructure
(stress related N
: sensitive. All
changes in >10cm 5mm 10%
. three types (I,lI
elastic wave
. and IlI)
velocity)
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2.6.2 Distortion and Residual Stresses during LMD
The introduction of a highly localized heat source in laser metal deposition results in steep

thermal gradients and exceptionally high cooling rates. Residual stresses produced by this
process, particularly tensile stress, are often undesirable. The gaynpieesidual stress
evolution stems from accommodating thermal expansion and contraction caused by
severe thermal excursions. Understanding the stress distribution field is crucial for
evaluating the adeposited part, especially in remanufacturing,ereh the final

component may experience distortion, warping, and delamination.

Mercelis et al. [121] proposed two primary mechanisms elucidating the genesis of
residual stress in additive manufacturing. The first mechanism hinges on the temperature
gradient during the heat source irradiatiioving the heat source results in rapid cooling
(exceeding mK/s-p 1TK/s)[156] and solidification, forming a temperature gradient up

to p TK/mm near the melt podlL24]. The molten pool's shrinkage is constrained by
surrounding material during cooling. Thermal strain transformation to plastic strain and
material properties recovering during temperature decrease induce significant tensile

residual stress near the melt pfi®5].

These thermally induced stresses are confined by the cold material, resulting in the
development of complex stress fields that evolve throughout the build and substrate.
Figure2.28 illustrates the fusion zone, temperature field, and consequently, the residual
stress field.

Tensile stress
due to thermal
contraction

Fusion zone

Deposition
direction
—

Compressive stress
due to thermal
expansion

isotherms

T Max

Figure 2.28 Temperature and stress field around a welding heatrrce[126].

The second mechanism, integral to additive manufacturing, is theloaol mechanism,
characterized by the pronounced shrinkage of each subsequently deposited layer during
the cooling process. The shrinkage is constrained by the lower layer depositedgyevi
inducing tensile stress in the current layer, and introducing compensatory compressive

stress in the underlying layer. In a laysrlayer depositioncontinuous compressive
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stresses accumulate internally to counterbalance the tensile stresses concentrated near the
surfacg127]. Numerous researchers have substantiated this mecha6i3pi166]. Wu

et al. [132] employed neutron diffraction and the contour method to assess the stress
distribution in an kshaped 316L sample, revealing compressive stresses in the part's
centre compensating for outer surface tensile stresseBi(gee2.29). Levkulichet al.

[133] confirmed this principle by demonstrating the residual stress distribution in LBF
Ti-6Al-4V. This stress profile poses a threat to mechanical properties and post
manufacturing machining, necessitating a comprehensive understanding, control, and

possible ntigation of residual stress behaviour.

< /MPa 0 /MPa
| 520 517
(a) ":‘\]\25 336 (b)

Figure 2.29 Residual stress behaviour showing compressive centre stress balancing outer
surface tensile stresses in (aydhapred 316L specimg¢ih32] and (b) a block deposited using
LBP Ti-6Al-4V [134].

Residual stress fields in direct energy deposition have gained increased attention in recent
years. Limited but growing research explores the correlation between process parameters
and residual stress in laser meataposited components through experimiefita0]-

[173] or modelling approachegl78]-[180]. Computational models aim to predict
behaviour and resulting fields, necessitating validation through quantitative

measurements, including destructive and-destructive techniques.

Matthew Ferguson 2024 Page47



Chapter Two Literature Review

2.6.3 Effect of Process Parameters on Residual Stress and Deflection
Thermal, mechanical, or a combination of treatments aim to mitigate residual stress and

distortion in components. These methods includesitu substrate preheating, pest
process heat treatment, and peening. However, in repair scenarios, the latter two methods
may cause undesirable alterations to the parent material. Substrate preheating minimizes
thermal gradient, cooling rate, and thermal stieghe deposited region by insulating the
material. Nevertheless, caution is required, as excessive preheatiagversely impact

final performance, inducing grain coarsening in the melt pool area and thaffeetdd
zone[149], [150]

A validated thermomechanical model developed by €taal. [144] predictedresidual
stresses in FBAI-4V builds via electron beam additive manufacturing. Rigorous
validation against neutron diffraction measurements ensured accuracy. Profiling with
good precision, the finite element model explored scenarios with no preheat, single,
doubk, and triple scans before deposition. Distortion decreased by 12% and 18% with
double and triple scans, respectively. Residual stress in the first deposited layer reduced
from ~320MPa (no preheat) to ~2B0Pa, ~269VIPa, ~245VIPa for onetwo, and three
preheat passes (séegure 2.30). Surprisingly, peak stresses in successive layers were
minimally affected. Preheating decreased maximum tensile stress at the substrate
interface region by reducing thermal expansion mismatch between the substrate and

newly deposited layer, thereby mdiing residual stress.

400
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o
E 4
@ 200-
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¢ ~-100-4 | —e— preheat once
- : P
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-200 1 —— preheat three times !
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Figure 2.30 Variation in longitudinal stress along normal direction for the preheating
comparison[144].
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Wang et al. [151] investigated the residual stress and distortion phenomena during
Selective Laser Melting (SLM) of AISi10Mg components utilizingay methodology.

The study revealed that the process parameters exert varying influences on the residual
stress of the specin. Specifically, the laser energy was identified as a critical factor
affecting the energy input, with an observed escalation in residual stress values along the
X-direction. The augmentation of laser power from @ 300W and 400/ resulted

in an incement from 95MPa to 115MPa and 133MPa, respectively. Moreover, in the
Y-direction, measurements of 80Pa, 73MPa, and 88VIPa were recorded for laser
powers of 200W, 300 W, and 400W, respectively, at the midpoint of the sample.
Mugwagwaet al.[152] reported a similar correlation between laser power and scanning
speed iNSLM. Increasing these parameters led to heightened levels of deformation in a
cantilever, as demonstrated in experiments with laser powers ranging frdht@Q80

W, incremented in 2OV intervals. Laiet al. [153] contributed insights indicating that
elevated laser power, coupled with reduced scanning speed, corresponds to heightened
residual stress levels. Their findings underscore the intricate relationship between process
parameters and the resultant materigsstes in SLM. Finally, a simulation study by Ali

et al.[154] demonstrated a direct association between increased laser power, decreased
layer thickness, and an escalating trend in residual stress irRp&hdiiced THEAI-4V.

The reports collectively suggest that higher heat source power results in the generation of
greater residual stress, attributable to the heightened localized maximum temperature and

the corresponding increase in temperature gradient induced by increasing laser power.

Rangaswamyet al. [140] investigated the impact of varied raster scanning on-laser
deposited IN718, characterizing residual stresses using neutron diffraction and the
contour method. The study revealed that the laser rastering directions had minimal
influence on residual stressagnitude parallel to the melt pool direction, remaining
predominantly uniaxial in the growth direction for all sample geometries. Vrametkdn

[137] corroborated this dominant residual stress orientation along the build direction
using the contour method. In contrast, Metal.[135] explored residual stress in laser
deposited Wasboy, employing neutron diffraction and the contour method. Varying
traverse speed, laser pulse time, and cycle time consistently yielded specific energy
density. Longitudinal stresses were found to be tensile near the top of the build mid
length, decreasgmtowards the bottom, while perpendicular stresses at the same location
were negligible. At the base of the wall, perpendicular stresses were compressive towards
the centre and tensile at the edges, astitited inFigure2.31.
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Figure 2.31 Contour residual stress maps on a-Pdyered (5mm thick) Waspaloy wall a)
longitudinal, i.e., along mekpool moving direction b) along build growth.e., perpendicular
to substratg170].

A comprehensive investigation into the effect of scanning strategy on residual stress
development for laser powder bed fused commercially pujd58] was conducted

Seven types of scanning strategies including unidirectional, bidirectional and
chequerboard were chosen to determine direction of principal stress. A combination of
good agreement between deflection measurements, hole drilling and contour method
were utlised. It was found that residual stress in SLM components manufactured using
unidirectional vectors, is primarily orientated in scanning direction with a stress roughly
half the magnitude exists in the direction normal to the scan vecteinigiementation

of the chequerboard scan strategy had a negligible effect for reducing residual stress and
making the stress less isotropic. However, work by @bel. [157]and Mugwagwaet

al. [158] found that the chequerboard raster scanning compared to bidirectional and
unidirectional contributed to least average residual stress and lowered residual stress up
to 40% relative to default island scanning strategy but majorly impact build time. The
lower amount of residual stress could be explained by the more homogenous heating of

the powdetbed, reducing the thermal gradients.

Surface residual stress measurements were conducted uRag Riffraction on mult
layered thirwalled LMD IN718 sample$159]. The local heating, rapid solidification,

and selfquenching processes induced an average tensile stressMPal215.46 along

the X-direction (longitudinal, parallel to meftool direction). Post hedteatment at
1050°C for 1 hour (HT1050) mitigated these stresses, reducing them by over 50%. Luzin
and Hoyd160] reported zero traverse and normal stress componentswalked Ti64

samples fabricated by Wigrc Additive Manufacturing (WAAM), with a longitudinal
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stress component reaching 4BPa. This aligns with findings by Szost al. [161],
indicating high stresses of 580Pa for WAAM and 30QMPa for laser cladding in thin
walled Ti64 components. Notably, the study observed maximum longitudinal residual
stresses in the waltlaseplate transition for both manufacturing methods, as illustrated in
Figure2.32.
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2.7 Research Gap with Residual Stress Behaviour

Usinga combination of measuring techniques employed at various locations will aid the
understanding of residual stress development from substrate to the interface region and
as it progresses into the built component. A noticeable similarity for investigatiols

comes in the form of coupled finite element models with limited evidence of support
calculating residual stress experimentally. In addition, predominately, residual stress
measurements are calculated for components manufactured by seleetivadiisng,
therefore a gap exists concerning the interface region produckedeianetal deposition

and not only being simulated but experimentally calculated. The interface region requires
extensive investigation as this area is subjected to large thermal gradients generating large
residual stresses which could lead to undesired distortion, cracksvandpremature
failing of the build process or in servif&3], [161]. Therefore, it becomes imperative to
understand théhermemechanical behaviour of the materald resultant equilibrium

state of the whole componetat employ mitigation tactics (i.e. varied raster scanning,
laser power control or even post weld heat treatment if applica#iegxperimentally
coupled FEA model would allow the effect of varied process parameters to be simulated
in a costeffective manner, the statd-the-art modelling techniques will now be

reviewed.
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2.8 Thermal and Thermo -Mechanical Modelling of Direct Energy
Deposition

2.8.1 Introduction

Simulating laseassisted additive layer manufacturing complexity involves
understanding the heating, melting, and solidification of alloy by a moving heat source in
a layerby-layer manner. A graphical representation of the simulation's complexity
outlines three main model components: Thermal, Mechanical, and Microstructural
[162][163]. The latter falls out with the project scope but would require an accurate
experimentally validated simulation of the temperature history of theiéiscomponent

for successful prediction of microstructural evolution. The focus of this thesis is to
devdop thermomechanical model based on fluctuating input parameters during laser
metal deposition, specifically for Inconel 718, with a primary emphasis on understanding
the transient temperature history across the interface region and anaitseesidua
stress behaviour and the resultant stress $tmfere2.33 acts a visual aid representing

the complexity of the simulation problem and depicts how eactcaggory can be

further strategized to enhance the accuracy of the simulation.

| Heat transfer coefficient ] I Surface 1emperaturej
| Temperature analysis |

A

Heat generation

TTT diagram |

Material
information [ e
/ (—————— | Phase transformation
Stress dependent | ~ -
/ transformation /
J l Transformation suain]

[Mechank:al respons?/

| s ¢. 3
| DISQ.OI'UOH, Microstructure
LRes:dual Stress

[ Transformation induced plasticity I

Figure 2.33 Diagram of the three sulmodels and couplings to simulate therrmeechanical
processing of metalgL64].

Accurate prediction of phase transformations and microstructure is crucial for developing
components with desired material characteristics. Combining phase transformations and
material constitutive models with thermal stress computation is esg@6dhlHowever,

the limited modelling approaches for additive manufacturing techniques pose challenges
in optimizing material properties and surface qualities due to uncertdib@®F The

coupling of stress and strain is often overlooked in heat transfer equations and kinetic
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models, affecting accuracy. While advancements in software allow simultaneous
solutions for thermal and mechanical fields, this process is computationally demanding.
The staggered approach, commonly used in Finite Element Analysis software, involves
separge thermal and mechanical analyses for each time step, with the resulting
temperature field as a load. Many modelling approaches follow a simplified procedure:
problem identification, data collection, correlation principles determination, process
model esablishment using finite element analysis software, and experimental validation
As mentioned, the prediction of resultant microstructure falls out with the scope of this

project but could be integrated in further work.

2.8.2 Analytical Models
Analytical models in laser additive manufacturing utilize established heat transfer

principles, specifically drawing from classical heat transfer theory. These models are
deliberately streamlined to minimize computational complexity, serving as an eapgditi

and preliminary means of simulating the manufacturing process. Their inherent
limitations in precision stem from simplifications related to assumptions concerning the
spatial and temporal dependencies of the laser source and the sample's geometry under

irradiation.

The foundational model s, I nspired by RoOS:S
facilitate the prediction of required power and laser welding speed for a single pass weld.
These models integrate the temperature solution of a line source over timetod m

using the equation Xis U d166], where X denotes the travel distance of the laser
beam, v represents the scan velocity, and t denote§ltifdk Crucial material properties,
including thermal diffusion coefficient, thermal conductivity, and absorption rate, are
indispensable for forecasting melt pool geometry and depth. An inherent limitation lies

in the treatment of the laser as a line sourceiatiag from the more realistic Gaussian

beam sourc§l67]. Furthermore, these models exclusively consider conductivity as the

sole heat transfer effect, assuming material properties to be independent.

Pinkerton and L{168] developed an analytical model to predict powder flow into and
out of the melt pool in the LMD process. The main advantage of this model is the
incorporation of lasepowder interaction and the effect of wasted powder. Temperature
averaging across the m@bol and empirical deviation of the heat conduction constant
was compared with experimental results to facilitate all laser types to predict major

variables in the process including melt pool length and temperature.
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Constrained by limitations in experimental validation, analytical models exhibit reduced
flexibility in their modelling approackil69]. Particularly, they find utility in predicting

track geometry without necessitating accreditation of the process. Patasisdelved

into the interactions among powder particles, the heat source, and the melt pool to
anticipate track height, contributing to the comprehension of pertinent phenomena and
the establishment of cladding mafis0]. However, the model's simplicity led to a
significant error in evaluating the molten pool ship#].

Building upon this, Ahsan and Pinkertdh71] formulated a more representative
analytical model capable of delineating track profiles fe6Ai-4V under various laser
powers and powder feed rates. Despite the model's successful verification process,
demonstrating good alignment with thermal fieldl drack dimensions, its analytical
nature enables the derivation of melt pool geometry directly from the temperature field,
obviating the need for domain discretizat[@69], [171]

Kumar and Roy[172] introduced a 3D heat transfer model encompassing Marangoni
convection, powder particle addition, and phase changes. By manipulating scanning
speed and Marangoni number, variations in melt pool size and convection strength were
observed. MarangoiBernardconvection dominated, particularly in investigating the
liquidus front of the molten pool's trailing edge, resulting in a noticeable bulge with

increasing Marangoni convection values.

Peyre et al[173], [174] proposed a -D analytical solution that evolved into alB
simplified model for Laser Metal Deposition (LMD) incorporating Arbitrary Lagrangian
Eulerian (ALE) free surface motion, realistic laser irradiation, and boundary conditions,
excluding fluid flow considerations. Validation of the thermal model involved a
comparison with experimental data, including npalbl analysis and thermal
measurements on-BiAl-4V alloy for ten layerdrigure2.34illustrates numerical thermal
cycles, showing satisfactory agreement with thermocouple measurements and simulated
temperature profiles, particularly for the P=600W and V=800/s condition, with a
modest 5aL00K difference in the first deposited layer.
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Figure 2.34 Comparison of temperature profiles recorded by thermocouples (black) in the
centre of the substrate, Bim from the interface and the simulated temperature profited)
[174].

Analytical models enhance process understanding and parameter selection for process
mapping. However, for complex substrate geometries, build complexities, and nonlinear
material properties, analytical solutions become impractical. Hence, a numerical model

is imperative, albeit at the cost of increased computational time.

2.8.3 Numerical Models
The imperative relationship between processing parameters and melt pool behaviour

underscores the significance of comprehending it for the optimal refinement of
microstructure and mechanical properties in Laser Metal Deposition (LMD) components.
Computatimal models, commonly derived from welding principles, facilitate Finite
Element Analysis (FEA) of the LMD process due to the shared interactive dynamics.
However, these computational models typically omit consideration of convection or
applied free conveitn, particularly when dealing with diminutive deposit material in
relation to the substrate size. To achieve a more accurate simulation of the intricate
thermal history encountered in additive manufacturing, the conceptualization of additive

manufacturingas a multpass welding process is warranfgds], [176]

Finite Element Analysis or Method (FEA/FEM) addresses the stetadly or transient
energy conservation equation under specified boundary conditions. While these analyses
typically do not account for fluid flow effects, potentially leading to temperature
overestimations, they proficiently capture thdimensional steadgtate or transient
temperature distributions. These models, with the capacity to integrate with mechanical
analyses, enable an exploration of the thermal and mechanical ramificatida® of he

deposition of additional material is simulated through techniques such as active/inactive
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or birth/death, portraying the track profile as a square profile. For optimal efficacy, these
models amalgamate a microstructure with a property model, necessitating a

homogenization assumption to derive macroscopic material prodéigd169].

Hekmatijouet al.[178] conducted a comparative analysis between an analytical equation
and Finite Element (FE) modelling in the context of laser welding aluminium alloy 5456
components. The analytical model, based on the Rosenthal equation, was observed to
overestimate melt poalimensions due to assumptions made in the analytical solution,
particularly the neglect of heat losses through the substrate. The FE model, leveraging
genuine material characteristics, demonstrated enhanced acamdadg deemed more
suitable for invesgating the heat transfer behaviour of welded components, particularly

at higher heat inputs

A study on modelling strategies for predicting residual stresses in $iagle laser
deposited IN718 employed a coupled themmechanical simulation with realistic track
geometry. Walkeet al. [169] utilized a semanalyticatnumerical approach to predict

track profile, temperature fields, melt pool geometry, and stress evolution.
Thermocouples were encapsulated to achieve good agreement between simulated and
experimentally obtained thermal historiegth a maximum error of 3.1% observed for

peak temperature. Discrepancies, primarily arising after the heat source passed the
thermocouple, were attributed to the remaptive heat source model. Despite potential
heat loss through conduction between@NC bed and substrate, incorporating this into

the model would significantly increase complexity and computational burden. Overall,
the process's fusion zone and associated temperature field were accurately predicted,
ensuring correct representation of eral expansion and contraction in the mechanical
part of the Finite Element (FE) modé&b9].

Based on the complexity of models, FEA models can be divided as basic models which
consider simple heat flux on top of the melt pool, standard models which use temperature
dependent material models, accurate models which define th@ootkshape and very
accurate models which have very fine meshes and-simallsteps for higher degree of
accuracy[119]. The latter models are often coupled with computational fluid dynamics
(CFD) [179] which are highly accurate for localised thermal gradients and melt pool
formations, excellent detail for microstructural investigations but are very
computationally expensive. For transient temperature profile and residual stress
measurements, which areettmain outcome of this study, the correct heat input could be

considered rather than a detailed npelbl shape to reduce the computational time. The
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current state of the art simulation approaches will now be discussed to appreciate the
market for FEA/FEM of LMD.

2.9 State-Of-The-Art Coupled Simulation analysis

A summaryof recent investigations whereby thermomechanical modelling was applied
in coincidence with deposition techniques are summaris€dhfe2.4. This includes the
details of processing route, material investigated, and validation techniques applied.
Major outcomes highlight specific areas of interest for guidance in theadebories
concerned with modelling; source of energy, element techrigdevalidation methods

collaborated for simulation accuracy.

Table 2.4 Stateof-the-art Thermo/mechanical Modelling Techniques including the major
outcomes of investigatian

Type of
Element Analysis / | Validation
Technique | Software | Technique
Applied

Heat
Process| Source
Model

Major Outcomes Ref

Incorporating a
measuremerased forced
convection, the accuracy
drastically improves
temperature field results
and corresponding residue [180]
stress errors less than
11% when compared fo
situtemperature
measurements whereas fre
convection simulates
temperatures with up to
44%
Both methods (active and
inactive element) resulted
in artificial heating
generation unless the
temperature of the active
elements are reset to initia
temperature during
activation to enforce
discontinuity of
temperature field. Inactive
element method refts in
reduced number of degree
of freedom, requires longe
computer run times than  [181]
the quiet element method
due to continuous equatior
remembering and solver
initialization. New hybrid
approach elements
corresponding to depositiol
are inactive, then swghed
on layerby-layer basis.
Neglecting surface
convection and radiation ol
evolving interface (region
between active and
inactive) leads to over
predicting temperatures
K-72 Thermal = Thermal analysis validatec
couples through pointwise
3D7 Coupled, attached top temperature history [182]
Not Given and bottom showing good agreement.
surfaces, Experimentally validating
Distortion the mechanical simulation

3D Uncoupled
with quast Integrated K
Hybrid static type
approach incremental  thermocouples,
analysis, Hole-drilling
CUBIC

Direct
Energy
Deposition  Ellipsoidal
Powder
Feed

3D Uncoupled
Thermal
Model, CUBIC
code by Pan
Computing
LLC

Not specified
(Model
Verification
than
validation)

Double

Ellipsoidal Hybrid

Ellipsoidal Quiet
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distribution which showed the

with laser distortion map is explained
scanned by contractioAnduced
geometric bending analysis

depositing on cantilever
fixture causes thermal
contraction on top of the
surface, thus edges bend
upwards

3Di
Uncoupled
Temperature

Gaussian history with

(Volumetric) Not Given

calculations,
ABAQUS

Thermocouple
& Comparison
of published

stress (Xray
diffraction in

Residual stress

Under similar processing
conditions IN718 is more
susceptible to warping,
buckling and delamination
due to higher residual stres
to yield strength ratio.
Increasing the layer
thickness, residual stresse
can decreased by 30%.
Doubling heat input can
redue residual stresses by
20% but increase distortior

by 2.5 timed a tradeoff
needs organised. Residus
stresses change from
tensile to compressive at
layer interface.

results for

study)

[183]

Table2.4 Continued

Type of
Analysis /
Software

Applied

Heat
Source
Model

Element

Process Technique

Hybrid quiet 3D Coupled
inactive
element

activation

Gol da
Double
Ellipsoidal

Validation
Technique

Thermomechani
cal, Project Pan
(Autodesk Inc)

Diffraction on

Major Outcomes

Thermomechanical model
predicts two walls made
under different dwell times
experience similar stress
versus position trends anc
values. Compressive
stresses at transition perio
(interface region) while
tensile at the top of the
wall. Experimentally
measued values agree
with trends, particularly
when using the not heat
treated samples, residual
stress in the build mostly
compressive which is in
good agreement with
thermomechanical model.
Neutron diffraction and
modelling are
complementary technique:
to deermine residual stres:
and strains in AM builds

Neutron

VULCAN

Ref

[136]

Inactive/Activ
e Method &
Dummy
Material
method

Gaussian
distribution
conical
shape

3DV
Uncoupled,
SYSWELD

The laser configurations
were optimized to maintair
a steady molten pool size
After the initial transient
due to cold substrate, the
dependency of laser powe
correlated linearly to layer
number for all speeds
analysed. Laser power
must increase with
trarslational velocity to
maintain melt pool size.
Optimizing the pool size
results in a stead
temperature distribution
and relatively uniform
microstructure of part

Experimentall
y compared to
published
data
(Comparative
study uses
ultra-high-
speed digital
imaging
techniques)

[184]
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In situ measurement of

. 3D coupled distortion allowed through
Gaussian thermoe e
] . K-type DIC acquisition, A good
volumetric mechanical -
. thermocouple  agreement between final
heat Elementbirth structural S : T 185
et o ) , Digital distortioni however for x  [185]
distribution  formulation/i welding : - .
. ’ h - Image distortion results slightly
with nactive simulation : : =
; Correlation deviate but for Zirection
Conical model, . ;
. . (DIC) the simulation
Shape Simufact.weldin .
underestimates by a facto
g7
of 3
Heat convection effect of
flowing fluid is 3-5 times
greater than of liquid in
static state, Absorptivity of
laser power is approx. 15%
in current laser hetvire
3D Uncoupled, . Thermocoupl condition, All simulated
. . .~ Thermomechani es, L 186
. Gaussian  Active/lnactiv . . ; temperature histories of [186]
Wire Feed e cal model with  Distortional
distribution e Elements : - thermocouples supersede
compiled displacement experimental valueshe
MATLAB files measured P! T
relative error keeps within
25%- phase
transformation
temperatures are not
considered in model whick
affects temperature
Table2.4 Continued
Type of
Heat : .
Element Analysis / | Validation i
Process | Source ) . Major Outcomes Ref
Technique | Software Technique
Model i
Applied
The island scanning strate(
obtained the highest
maximum temperature. Bas
on the stress and deformati
) results, by rotating the sca
Gaussian
) ) 3D Coupled patterns by 45° produced tt
Powder Bed Conical Inactive ) ) )
) ) Thermomechanice Not Provided lowest residual stress anc  [187]
Fusion moving heat  elements )
ABAQUS deformation when compare
Source ) )
to all scanning strategies. T
in-out scanning approach
accumulated the largest
deformation in build
direction.
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Room temperature neutrol
measurement and model
prediction after cooling

regarded as remarkable, il

trends and in stress levels

Model correctly predicts hoc
stress near the top and bui
plate, tensile axial stress ne
the edges and compressiv
axial inthe middle. Simplifie
FEM model with multiple

layerwise activation provide

Simplified 3D Coupled a comprehensive residual

Volumetric Layerby-layer thermat Neutron stress prediction. Neutron
Uniform Activation displacement, Diffraction diffraction is an effective (188l

Distribution ABAQUS reliable technique to measu

residual stress nen
destructively for bulk
materials. Simplified FEM
model with multiple layer
wise activation provides a
comprehensive residual stre
prediction. Neutron
diffraction is an effective
reliable technique to measu
residual stress nen
destructively for bulk

materials.

Captured similar peak
temperatures and therma
profiles with experimental,
The experimental errors
between the two thermal
couples (TC1, TC2) are 0.4
and 11% for Case 1 (230V
and 55.03 mm/s) and 0.4%
and 6.6% for Case 2 (115V
) and 50.80nm/s) By
) Thermal FE Only, Fixed surface o )
Goldak double Quiet element excluding preplaced powde
L CUBEST Pan substrate Kype ) [189]
ellipsoidal approach ) layer from the analysis
Computing thermocouples ) )
(Assuming powder layer is
insulator), the maximum
discrepancy at any time is
4.4% over prediction of
temperature however at
distances further away fror
the melted and solidified
region, and t maximum
difference in temp predictior
is 31.4%.
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2.10 Contextualization of state -of-the-art modelling
From the various published literature populated ale 2.4, the following conclusive

remarks can be made:

1 The Goldak double ellipsoidal heat source model with Gaussian distribution is a
popular approach to model the irradiated volume.

1 The incremental addition of material onto the substrate requires employing certain
techniques, the édhybrid activation mo
quiet modelling approach. In the hybrid activation method;deposited layers
are eliminatedleaving only the depositing layer in the model. The-deposited
elements are scaled down using the quiet element method. The subsequent layer
Is incorporated, and nodes/elements are renumbered using the inactive element
activation method, making its naleposited elements quiet. This procedure
yields a smaller, less ittonditioned stiffness matrix, reducing computational
effort [190].

1 A 3D coupled thermanechanical FEA numerical model will sufficiently simulate
the transient temperature field with good accuracy and the resultant simulated
residual stresses agreed experimentally.

1 The numerical models can be implemented prior to experimental trials for the
optimization of process parameters such as rotating the scan patterns by 45°
produced the lowest residual stress and deformation when compared to all
scanning strategies.

1 Aswe reduce simplified or excluded assumptions, the accuracy of simulated fields
improves. By experimentally calibrating different facets of the model, such as the
melt pool shapeboth the transient temperature field and, if coupled, simulated
stress fields show significant enhancement.

2.11 Key thermomechanical Improvements

2.11.1 Meshing
Mesh studies are often conducted to have an optimised approach to accuracy and

computational timg191], [192], [193] where refinement strategies near the +petil

are often employed which become coarser away from the melt pool to reduce
computational cost. A dynamic graded mesh which becomes refined with a moving heat
source is highly beneficial to eliminate the conghwnal costs with dense meshing

strategies, these are often called adaptive. The automatic meshing technique is helpful in
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reducing the computational cost but requires a separate code to be implemented in the

FEA solver as no commercial software employ this techrit@4], [195]

The generated mesh should have a low number of elements, preferably hexahedral, with
an allowable change of multiple parameters. Seeding the working domain requires
intricate distancing to better improve accuracy at the penalty of computational time. The

input parameters for the maemesh are:

1 Number of elements per section

1 Plate dimensions: width, breadth, height

1 Number of divisions of each division of the geometry

1 Ratio between first and last division

Following this, element type should accurately resemble interactions during deposition,
C3D8RDC3D8 element type allow heat storage and heat conduction. The diffusive
elements have only temperature degrees of freedom and involve eitherdestor

secondorder interpolation in three dimensions.

Structured meshes may exhibit regularity, featuring elements of uniform size in both the
base plate and deposited materi&b(re 2.35.8), or bias, with elements progressively
varying in size along specific directions or locati¢Rgyure 2.35.b) The application of
structured meshes with uniforsized elements necessitates the adoption of expansive
meshes to ensure higjuality numerical predictions. However, this approach results in
an increased number of degrees of freedom and yields subsHdifiedss matrices,

significantly escalating memory and CPU time requiremgr&s].

Structured biased meshes mitigate the previously mentioned issue by enlarging the
element size in the base plate as the distance from the deposited material ifit®&hses

This reduction in element density helps decrease the total number of degrees of freedom
while preserving the accuracy and efficiency of calculations, particularly in regions

characterized by higher temperature gradients and stress concentrations.
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Figure 2.35 Meshing techniques utilized in FEA modelling of additive manufacturing (a)
regular mesh, (b) structured biased mesh, (c) unstructured mesh with transition templates, (d)
unstructured mesh with multiple deformable objects in contact, and (e) ldyelayer mesh
coarsening of the deposited mater{dlo6].

2.11.2 Boundary Conditions

The Laser Metal Deposition process involves three heat transfer mediums: radiation from
the heat source, combined radiatmonvection across the manufactured component's
surface utilizing air convection, and conduction through the printed material and
suroundings[198]. The clamping configuration in this process acts as a heat sink,
influencing the heat transfer model and enhancing cooling rates at localized sections.
Cooling times are determined by free convection and radiation conditions, governed by
Newton's law of ooling, which relates convective heat transfer to the temperature
difference between the surface and the environment. The heat flux boundary conditions
involve a combination of convection and radiation to balance heat loss to the environment

and conductiothrough the substrat&he convective heat transfer is denoted as:

Equation 2.1 Convective boundary condition

0 QY Y
The module surface temperaturesyihcd and surrounding ambient temperature
(Tenvironmen) are given values are usually defined experimentally. H is the convection
coefficient across the printed module in WA which is cited as 25 W/ffi199][200]
or 35 W?K after calibration [201]. The literature displays an inconsistent
implementation of convection in LMD thermomechanical modelling. Heat loss due to
convection is in some casesgarded as negligible and therefore excluded in some
analytical model§202][203]. Convection is assumed to be uniformly distributed over all
surfaces and equates to free convection indai@\\V/n?/°C) [204] [205].

Heigel et al.[180] underscore the crucial role of measurentsaged forced convection

in enhancing Finite Element Analysis (FEA) accuracy for Laser Metal Deposition (LMD)
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processes. Comparative analysis iofsitu temperature measurements reveals that
measuremenbased forced convection attains accuracy levels below 11%, whereas free
convection models exhibit temperature simulations with errors exceedingd>ttt%asli

et al. [206] implemented the forced convection around 35 Wmio the topmost
deposited elements only to simulate the forced convection attributed to the losses with
the shielding delivery gas from the nozzle. Although no direct comparison was made
between forced convection and not implemented, the maximum difeedthe mek

pool area between situ thermal measurements and simulated findings reaches 17%.

Convective boundary conditions are also applied to clamped boundaries to model the heat
loss between the CNC table and substrate due to the heat sink effect. A contact heat
transfer coefficient replaces the convective heat transfer coefficient. A vallROOf
W/m?K was used iWalkere t  atudy véhere sink temperature for defined losses and
initial substrate temperature were set t6@2(R00]. WhereaBieglere t  airhulates

strong heat flow into the metallic clamping with a value of 500 $/f201].
The radiative boundary condition is defined according to St8tdtzmann law:

Equation 2.2 Radiative boundary condition

0 =Y Y
Tw is regarded as the temperature of deposited material surface that will exchange
radiative heat transferf is StefarBoltzmann constant, and is deposited surface
emissivity which has been cited as a temperature independent value equal180],54
0.6, a standard value in Simufaatelding [201] to 0.8 [199]. Due to the vacuum
conditions in EBM, the convective heat loss boundary condition is not considered in the

analysis, only radiation lossgk98].

2.11.3 Material Deposition and computational -domain growth
The quiet element approach is a commonly employed method for simulating material

deposition during melting and solidification. This technique involves assigning scaling
factors to the material properties of melted and solidified elements, effectivelyngola
their impact on the overall analysis. Upon contact with the heat source, solid properties
are reinstated, fulfilling their influence on the initial conditions. Xiehgl.[207] utilized

the element birth technique in GMAW welding, achieving strong agreement between
simulated and measured results througkype thermocouples. Denlingest al.
experimentally validated the modelling technique with an 11% error using the quiet

element approad208].
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Additionally, the distortion field was simulated by introducing thermoelastoplastic
analysis with a quiet inactive element activation strategy. A maximum error of 29% was
extrapolated by simulating an electron beam deposition of-@AIF4V large part
compising over 107 layer$209]. Zhaoet al. [146] conducted a thredimensional
analysis of singlgass multiayered components to determine residual stress distribution,
employing the quiet technique and obtaining good agreement with thdribiey strain

gauge method.

A further variation of the O6quietdé tech
incrementally adding elements in a sequential manner. Nodes entirely encircled by
inactive elements are excluded from the degree of freedom. This method necessitates a
code caable of automatically regenerating the finite element model or entails laborious
manual efforts to ensure the proper addition of elements to the model. While this approach
aligns with the underlying physical process, its implementation in commercia¢ Finit
Element (FE) codes poses challenges, particularly in the requirement for renumbering
elements after each layer to reset the entire computational domain for the inclusion of

additional elements.

Ding et al. successfully applied this technique, achieving an 80% reduction in
computational time when assuming a stestlfebased model as a replacement for the
transient modd210]. However, Lindgreret al.[211] demonstrated through simulations
using both techniques that very similar temperature and stress fields were recovered.
Although computational time was reduced by 5%, this improvement was attributed to the

better spatial resolution of the weld rather tH@nspecific variation in element addition.

Michaleris [181] implemented a collaborative approach, employing both techniques,
wherein elements associated with metal deposition start as inactive and transition to a
'quiet’ state on a layday-layer basis. Activation only occurs when the heat source
contacts the elemé This hybrid strategy resulted in a substantial reduction in
computational time. Furthermore, Michaleris conducted thermoelastoplastic analysis for
the deposition of a TAI-4V part consisting of 107 layers. The simulation and

experimental results eithited excellent agreement, with a maximum error of 2208].

2.11.4 Calibration and Validation Techniques
The calibration of thermal simulations is typically achieved thranghtu temperature

measurements using thermocouples or pyrometer equipment in experimental settings

[212]. Strategic placement of thermocouples to capture readings in proximity to the
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molten zone is common but introduces challenges. Segeestatf213] identified two

issues with thermocouple placement. Firstly, thermocouples are subjected to high
intensity laser radiation, leading to overheating problems and potential apparatus failure.
Secondly, the emitted light raises the thermocouple temperaturad#yat experienced

by the material.

To address these challenges, protective shields are designed. The results indicate minimal
variations in cooling times (approximately 0.1s between 850°C and 550°C) when using
small and large protective shields, suggesting a negligible impact on temperature
measuremen{213].

To verify the effectiveness of simulation results, K or N type thermocouple placement are
popular in capturing the temperature history. Investigators will often spot weld or build
thermocouples into the substrg®®7], [189] as close the deposition area as possible,

using frequencies to capture the temperature variation during deposition.

Bocket al.[259] conducted additional research, investigating melt pool length during the
Laser Metal Deposition (LMD) process for multiple layers using a-bgged camera.
They also explored the determination of layer heightsitu measurements provided a
higher level of accuracy in the transient Finite Element (FE) model, as the experimentally

compared melt pool geometry and validated the temporal field.

Distortion measurements, widely utilized for validating coupled themaohanical
simulations, have been extensively explored in prior literature. Various measurement
techniques, such as-deposited Coordinate Measuring Machine (CMM) measurements
[270], [273] laser displacement sensor equipmgit8] and recent advancements,
includingin situ distortion measurements directly oildlD geometry using 3Rligital

image correlation systems (DI{219], have been employed.

In a specific study, thia situ distortion behaviour dfMD manufactured FBAI-4V was
examined using a displacement sensor positioned beneath the bottom free edge at the free
side of a cantilever plate during a-#yer deposition. The 3D finite element model
exhibited strong agreement with the thermal histodycated by irbuilt thermocouples

(with only a 5% error)Figure2.36illustrates the comparison between the calculated and
measured distortion. The simulated distortion profile aligns well with the experimentally
measured values, although during the cooling phase, the simulation tends to overpredict

and gradually diminisf220].
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Figure 2.36 Comparison between the calculated and measured distortion using a
displacement sensor during a 48yer LSF deposition[220].

An analyticalnumerical modelling strategy for predicting residual stress behaviour
duringLMD of IN718 was experimentally validated through neutron diffraction. Walker

et al.[221] observed that stress profiles for singigck deposition exhibited a trend like
traditional singlepass welding, with the longitudinal stress component displaying the
highest magnitude. Through neutron diffraction and sample rotéigure 2.37), a
comprehensive taxial stress analysis was conducted. Both finite element (FE) and
experimental data demonstrated the anticipated parabolic trend for an unclamped
substrate, with the maximum displacement at the centre of the plate. The maximum error

was determined to be 8% for peak displacement.
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Figure 2.37 Comparison of experimentally measured and numerically predicted triaxial
residual stresses using neutron diffractid@21].
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In summary, researchers have historically employed residual stress measurements,
utilizing techniques such as-pay diffraction (XRD)[222], [223] neutron diffraction

[128] and the contour methd@24][225] to validate thermomechanical modelling. The
existing literature predominantly addresses the overall behaviour of components or thin
walled structures, often overlooking the incorporation of two validation techniques

specifically focused on the interfacegion

2.12 Research Gaps in Modelling Techniques

Scant research exists on the coupled themmohanical modelling of Additive
Manufacturing parts, specifically pertaining to the Laser Metal Deposition process. The
current body of literature predominantly delves into advanced thermal modelling, often
conentrating on specific aspects like meshing techniques or boundary conditions.
However, these studies tend to remain uncoupled from comprehensive thermomechanical

analyses.

In contrast, coupled thermomechanical models strive to experimentally validate the
resulting mechanical analyses, particularly focusing on metrics like distortion, which
represents a bulk measurement with a millimetr@le range. Remarkably few published

works seek to establish an experimentally calibrated model based on coupled temperature
and residual stress measurements. Such models that are measurement coupled are often
focussed on singlack or thinwalled analysis, comparative to the simulatiomofiti-

tracked, multilayered builds, a methodology further validated using residual stress
techniques. Notably, there is a scarcity of literature exploring these aspects, especially
with a keen interest in the joint interface, as demonstrated in the ro&igpdf the

present investigation.

2.13 Summary of literature: Key findings

An exhaustive examination of the existing literature pertaining to the microstructural and
residual stress evolution resulting frobMD of Inconel 718 has been conducted,
encompassing the incorporation of therstaess modelling in the analysis of the process.

The ensuing points encapsulate the present status of understanding in this field

Inconel 718 Microstructure and Microstructural Features (Base Material):

1. The gamma phase, denoted as 9, exhi bi
forms a continuous, matrix phase to which all other phases are retained.
2. The lattice mismatch at 20/ 9 and 200C¢

mechanism by impeding dislocation movement, enhancing Inconel's strength.
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3. The volumetric relationship between 2
been documented to be approximately 3 with peak aged IN718 obtaining around
15 wt. % 2606 strengthening phase. The
t he 0 06 0 ribptbkdats a higha tattice mismatch and volume fraction
combination.

4. Ni3Nb-i f orms grain boundary precipitate
by pinning the grain boundaries. At t
decomposes to the thermodynamically s
strength declind an inportant remark to consider when understanding the
temperatures experienced in and around the-poslL

5. Micron-scaled Laves, hard and brittle with irregular shapes, form due to-micro
segregation of alloying elements at the end of solidification causing a significant
reduction in mechanical propertjés., a decline in ductility, ultimate tensile

strength, and fatigue behaviour.

Microstructure and Texture formation in as-deposited condition

1. As-manufactured deposits exhibit a heterogeneous appearance, characterized by
variations in grain size and aspect ratio over short distances due to rapid and
repeated thermal cycles. DLF builds of IN718 display a banded grain structure
comprising columnaand equiaxed zones.

2. Heterogeneous nucleation is influenced by scanning speed, powder feed rate, and
thermal energy conduction. Higher scan speeds, increased powder feed rate, or
reduced heat source power led to decreased thermal gradient (G), resulting in
elevated solidificabn front velocity (R) and a greater prevalence of equiaxed
grain structure in the part.

3. Cooling rates exert a substantial impact on morphological featureslepasited
microstructures. In IN718, cell spacing is closely tied to cooling rates at the
solid/liquid interface during solidification. Elevated temperature gradients (G)
and solidifcation rates (R) in the melt pool result in higher cooling rates,
ultimately yielding a finer cellular structure.

4. Columnar dendritic grains, prevalent in additive manufacturing give rise to
anisotropic mechanical properties. The alloy exhibits elongated grains in the build
direction, forming the <001> orientation. Grain orientation in the build
significantly relies orthe direction of the moving heat source. Literaturé gD

technique indicates that dendrites typically align alongitbéCtrystallographic
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orientation, growing epitaxially from the substrate. While some studies attribute
the presence of @000fibre texture inLMD samples to grain alignment towards
the moving heat source.

LMD induces the formation of a significant Laves phase during solidification due
to alloying element micrsegregation, with insufficient cooling rates hindering

the precipitation of strengthening phi

Influence of Process Parameters on Microstructure

1.

The laser power influences the track width, cresstional area, productivity of

the deposition (includes powder catchment and melting) and the efficiency of the
laser beam (regarded as energy expenditure vs deposition energy).

The increased laser power (energy density) contributes to larger melt pools and
lowers the cooling rate, promoting the epitaxial growth of columnar crystals along
the long axis.

Increasing the laser power incrementally started to enlarge the length of the
columnar graingollowed by an increase width as the laser power surpassed a
threshold. At about 76000W, the width stabilized and a slight increase in grain

length was found.

. The refinement of the columnar dendritic microstructure increased with

increasing the deposition speed and decreasing the laser power.

It had been shown that an increased cooling rate suppresses the Laves phase and
Nb micro segregation. It is well known that increasing cooling rate corresponds

to a refinement in dendrite spacing.

At lower scan speeds, the deeper melt pool facilitated epitaxial growth, enhancing
the strength of the <001> texture. Conversely, higher scanning speeds led to rapid
solidification in shallower melt pools, promoting nucleation and reducing the
growth ratenecessary for fine grain structure.

To underpin the control of texture via hatch pattern,-siecific control of
crystallographic orientation by manipulating beam scan strategies in the context
of the columnar to equiaxed transition. Dynamic switching between solidification
conditions andimposing predetermined threfmensional crystallographic
orientations were achieved through varied beam scanning strategies.

The overlap fraction can facilitate the precipitation of detrimental microstructural
features such as Laves phase. Increasing the energy density and reducing scanning
speed elevate heat accumulation, extending the solidification time of the molten
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pool. A higher overlap fraction and therefore, a higher energy density led to larger

and more abundant Laves phase in interdendritic boundaries.

Residual Stresses:

1.

Parts produced by LMD and the substrate often face intricate residual stress fields
due to localized heating and cooling, leading tedeygosited stressduced
distortions and tensile stress fields near yield strength.

The choice of process parameters in LMD significantly influences residual stress
behaviour, demonstrated through experimental trials and modelling.

Laser energy emerges as a critical factor affecting energy input, showing a direct
correlation with increased residual stress values. Higher laser power is linked to
elevated final distortion, predominantly characterized by maximum longitudinal
stresses.

Despite studying the impact of process variables on residual stress, particularly at
the interface region, there is limited experimental validation.

Residual stress mitigation techniques, such as varied raster scanning, process
parameter optimization, or pestld heat treatments, have been modelled with
minimal experimental confirmation.

An experimentally coupled Finite Element Analysis (FEA) model provides a cost

effective means to simulate the effects of varied process parameters.

Thermo-mechanical modelling:

1.

Numerous analytical and numerical models have been developed to comprehend
the transient temperature field and residual stress behaviour during Laser Metal
Deposition (LMD), but there is a paucity of experimental validation for these

findings.

. While extensive modelling efforts have been dedicated to siraytk welds or

small build geometries, there is a notable lack of modelling for LMD components
in reaktime applications, such as repairing industrial components or incorporating
complex feattes.

Stateof-the-art modelling endeavours have utilized computational fluid dynamics
(CFD) to understand melt pool morphology and behaviour, a facet beyond the
scope of this work but worthy of inclusion in future studies.

In-depth exploration is needed to understand the transient thermal behaviour and

residual stress effects on resultant microstructure through modelling techniques.
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5. Limited literature addresses the experimental calibration of models based on
coupled temperature and residual stress measurements, especially fer multi
tracked, multilayered builds. The present investigation highlights the scarcity of

literature exploringhese aspects, particularly at the joint interface.

Potential for further investigation

Limited data exists on microstructure evolution, texture, and residual stress development
during LMD. Existing research programs often focus on a single process variable, such
as geometrical accuracy, microstructure, or residual strt®H3. is sensitive to various
process parameters, and those optimal for geometrical accuracy may not be suitable for
optimizing microstructure and residual stresses. Thus, a comprehensive understanding of
the build process is essential to identify conditionat tminimize streses while

optimizing microstructure.
Thefollowing areas require further investigation:

1 Influence of theLMD process parameter selectioand its effect on the
microstructwe and texture components of IN7&t8mponents.

1 The evolution of texture and gramorphologyduringLMD of IN718-on-IN718
base material

1 Understanding process parameteeffect on grain morphology and
microstructural features along the interface region of a compoepairedvia
LMD.

1 The relationship between the microstructure, texture and key deposit parameters
at the interface region and initial layers deposited.

1 Modelling and experimental analysis @#sidual stress in both the build and
substratggeneratedhrough the manipulation of process parameters

1 Modelling of residual stress behaviour artd validation though experimental

routes.

Hence, in the present study, the project aims to address the crucial aspects. outlined
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Chapter 3: Methodology

3.1 Introduction

Detailed in this chapter is the experimental route used to produce the DEDed IN718 samples
and the characterisation techniques used to assess their microstructural development and
residual stress evolution. A description of ttdD setup located at the Advanced Forming
Research Centre (AFRQhe University of Strathclydas presented, alongside the machine
configurations. In addition, this chapter includes a description of the micsosecimiques

used to characterise the samples, as well as the methclzracterise residual stress

3.2 Workpiece and Powder Material

A series of powdefed IN718 single track, thiwalled and solid blocks were fabricated on
forged Aerospace gradiN718 substrate (2&m width (X) x 24 mm length(Y) x 23.7mm
height(2)) for analysis of daserbasedAM repair application. The substrate was received in
a full heattreated condition, conforming tderospace Grad&MS-5662,as shown irFigure
3.2 Table 3.1 details the composition of chemical compositafithe substrate used in this

study.

Figure 3.1 (a) Parent IN718 billet to which (b) cuboidal substrates were sectioned with
thermocouple holes drilled.

Table3.1 Inconel 718 Ingot parent disk chemical compositigtaken from suppliers Certificate of

Conformity)
Fe Ni o NDT o Ti Al C Co B
Ta
Alloy 718 1833 Bal. 17.96 538 302 09 05 0026 008 0.003
Mn Co Si Cu P

Alloy 718  0.02 0.08 <0.03 <0.10 0.0011
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The standardioubledageingheat treatmentshown inFigure 3.2) is followed to obtain the

dissolution of any unwanted phases that might have occurred during manufaetsirredl, as

to obtain a more uniform grain size and to allow the precipitation of the strengthening phases
(o6 and 200) . The homogeni zation stage i S ¢
segregated phases by carefully dissolving Laves phase and promote sufiiftisitn of Nb

into dendritic regions. The detrimental Laves phase dissohv@sint h e 2 maR26] x at
and keep the carbides, which begins to dissolve at approx. 1ZZDPLC Solution annealing,

Step 2 is carried out to dissolve phases formed during previous process which is normally
carried out between 960050°C to enhance precipitation elements for strengthening phases.
The U phase precipitat eustemderatarda LOLOCS SJolutidlC a n d
temperatures just below this solvus temperature are often executed to retain a small fraction of

the precipitate phase to inhibit grain growtd®?]. Lastly, stage 3, a doublegjing heat
treatment allows the precipitation of streng

as fine particles uniformly throughout the microstructure between 600 and 850°C.

1200 Homogenisation at 1100 °C for 1 h

Solution at 980 °C for1 h

1000
Aging at 720 °C for 8 h

800 l Aging at 625 °C
(for 8h

600

Temperature (°C)

400

200

0 6 12 18 24 30 36 42
Time (h)

Figure 3.2 Heat Treatment methods employed for IN718 according to Aerospace Material
Specificationg34].

Although mechanical properties of this parent material were not providéte 3.2outlines
the mechanical per f or manc e Staadard Spedificatiory for AST M
PrecipitationHardening Nickel Alloy Bars, Forgings, and Forging Stock for High
Temperature Serviégo give baseline values and to what effect the LMD repaired component
has on mechanical performance upon testing. These values are set to conform with aerospace
grade IN718 for turbine applications and are believed to have been hostirig the

appropriate heat treatment in@seived condition.
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Table 3.2 Mechanical Properties as per ASTM Internation§228].

Material Property  Value Ref

UTS 1275 MPa [229]
0.2% UTS 1034 MPa [229]
Hardness 350 HV [229]
Elongation 12 % [229]

3.3 Gas Atomised Inconel 718 Particles

All samples fabricated in the present work were made using Gas Atomised Inconel Alloy 718
powder supplied by Carpen®&rTechnology. The chemical composition of the powder is
reported in Tabl&.3. The powder particles size of approximately 45 to d@6was aligned

with ASTM B214 sieve specification boundary limitsl718 powder was produced through

gas atomisation by Carpenter Additive®. The supplied powder was delivered with a Certificate
of Conformity stating that powder particles were ¥ um based on sieve analysis. Mean
particle size measured through SEM image acquisition and analysis, verified that the particle
size varies between ~7 to ~146um with 90% of powder between 40 o (®igure3.3).

N
o
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mmmm Particle Size pm

a1

—a— Cummulative

P N N W W
oo O o1 O

Frequency (count)
5

Cummulative (%)

=ull B _ )

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Particle size (um)

o o

Figure 3.3 Powder size distribution of gas atomised IN718 powder.

Using Scanning Electron microscopy, a sample of the powdgure 3.4 & Figure 3.5) was
analysedDue to the small sample size of the powder utilised for microscopic examination in
relation to its entire population, the characteristics of the powder processed through the hopper
may depend on the place of the collection, i.e., top layer might be exposambient
conditions prior to deposition. To reduce ambiguity of powder analysis, multiple samples

analysis was carried out.
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Table 3.3 Chemical composition of the IN718 powder batch (provided by supplier) showing the % of
alloying element

Fe Ni Cr Nb Mo Ti Al C Ca Mg
+ Ta

Alloy gl 5286 1853 52 31 095 054 003 “0.01 <001
718 (ppm) _ (ppm)

O Co Si Cu P S Se N B Mn
Alloy <0.005 <0.001 <0.005 <0.001

001 <1 006 01 0.01 0.07
718 (ppm)  (ppm)  (ppm) (ppm)

From the inspection it can be deduced that the powder was characterized by a spherical or
spheroidal shape. Randomly dispersed powder particles had sintered satellites adhering to the
main bodies, causing inhomogeneous shape distribution which can bfdlw properties

and flowability of the powder. All the powder samples collected contained <20% eof non
spherical particles with highly developed surface. These are most often the result of single
particles or a group of particles connected by solidifiederial which could arise as defects
during gas atomization process, due to already formed particles wisohdified or partially
solidified materia[230].

s 3

7 .7 ";, ,u::
HV mudé mag = spot WD pressure

20.00kV. SE 200 x | 4.5 10.2 mm 4.90e-6 mbar

Figure 3.4 (a) GA IN718 Powder at 100x revealing satellites and showing morphology and (b) 200x
showing measured diameters with irregular morphologies

The surface morphology of the netched GA particle and micro dendritic structure of a
mounted, sectioned, and polished IN718 powder specimen are shown in FigurEhese
networks are a result of the rapid solidification associated during the gas atomization process
reaching cooling rates of about 2A@s[231]. Cross sectioned samples revealed small internal
porosity measuring < 2 pum in pore size, (arrows in Fi@Bd) located randomly throughout

the powder sample. Given the size and volume, the internal porosity would be deemed almost

negligible on build performance.
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Figure 3.5 (a) Fine dendritic structure on GA in718 powder particle and (b) cr@sxtion of powder
at 300x BSE image revealing very small internal porosities

3.4 Laser Metal Deposition (LMD) Experimental setup

3.4.1 Deposition Configuration

LMD IN718 samples were fabricated usinglaght alta™ Fiber Laser with a fibre optical
system transferring the laser beam to laser optic operating with a wavelength neam1080

The laser delivery system consists of a watsled Nd:YAG fiber laser with maximum output
power between 1:2.5 kW with near gaussian distribution beam. The HYBRIBMBIT ™

series deposition head operates under ep@dinuous waveform (QCW). The standoff
distance between substrate surface and deposition head is nomimalty, bbtaining a 2 mm
working laser diameter. Laser power calibration checks were completed prior to deposition
which measures losses in the system such as imperfections in mirror and lenses, this is
measured using a calorimeter cube. Hardened high akey diamping fixtures secure the
substrate irplace and two supportive metallic plates ensure the substrate surface is levelled.
Before deposition occurs, a probe attached to the coaxial head measures the level. The
configuration of the system is aa&is CNC table with a fitted axis Nikken rotary/tilt unit

which allows 5axial movement in X, Y, Z, rotary, and tilt coordination. Thermocouple
extension cables were fitted ewith the movement box of the deposition head and were
connected to the chassistside the build envelope. Argon is used as a carrier gas for the
powder to ensure create an inert localised atmosphere, as well as being a shielding gas to protect
the lens from particles that rebound from the depbBggjture3.6 details the configuratiomside

the build area and demonstrates how supportive slits assisted build quality.
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Clamps & Support
plates

CNC Table

Figure 3.6 Laser metal deposition machine configuration detailing the thermocouple fixture and
extension apparatus

3.4.2 Powder Feeder

An Oerlikon volumetric powder feeder supplies the powder to the powder nozzle using a
rotating disc and wiper system to distribute the powder to the outlet. Powder feed rate is
determined by disc rotation speed and had been calibrated prior to deposition. Thieatalibra
process involves setting disk %rpm to 20 and enabling powder flow {220®, saving the
collected weight then zero scales and repeat for 40% and 60% disk rpm.Frgileaails the
powder calibration program graph which constructs liseation for each run and the gradient

of the lines are recorded. A linear best fit forced through (0,0) is constructed using 3 gradients
as points and the gradient of this line of best fit is used for setting disk %rpm. It can be
concluded that hopper lileery was consistent with desired powder flow rate with sufficient

working settings.
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Inconel 718 - Calibrated: 21/02/2020
Flow Rate vs %RPM

— y=0.154x

Flow Rate (g/min)

&0
% Disk RPM

Figure 3.7 Powder Calibration for %disk rpm for IN718.
3.4.3 IN718 Builds
The investigation aimed to analyse the effect of varying laser power on the localised
temperature history profile to deduce microstructural evolution for a remanufactured
component. Firstly, a single track was deposited to establish key melt pool cdidiggieand
aid heat source calibration. Single track, tvalls and solid blocks were deposited using the
machine configurations setTrable3.4. The thirwall deposits consisted of,15- and 10layer
height of a singldrack thickness. For notation,-#rection is transverse direction (TD),-Y

direction is normal direction (ND) and Z direction is build direction (BD).

Single Track

Solid Block

Thin-wall

Figure 3.8 Top view detailing the hatch pattern employed for (a) Single and Solid block deposits,
(b) thin-walled components and (c) with reference to local coordinate system used for machine and
thermomechanical model.
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Solid blocks consisted of teadjacent clad tracks deposited unidirectionally for alager

build height, this would replicate an-gervice repairment and provide key microstructural
information. By depositing both single track thills and solid bldes components, the
development of microstructure and texture evolution across the interface can be compared,
drawing conclusions on temperature histories experienced. Builds were analysed in three stages
whereby Stage 1 was the single clad, Stage 2 coedpokthinwalled Samples and Stage 3,

the multilayered solid blocksTo assess the effect of laser power, théaj@red component

blocks were manufactured by fluctuating the laser power while keeping all other process
parameters constant. A unidirectional hatch stratégyufe 3.8) was used for simplification

of thermal behaviour and interaction. The deposition path vectors remained constant
throughout all tracks and subsequent layers added. An approximate 48 s delay was introduced
between the end deptisn time of the single track and start of the block; this was a sufficient
time for the block to return to near uniform temperature aroun8520, prior to depositing

the block which was determined by the siAick analysis thermocouple.

Table 3.4 Experimental configuration for process parameters

Case Number 1 2 3 4 5
(Specimen) T1 Al A3  Thin Wall
Nominal Laser power (W) 950 950 750 550 750
Travel speed (mm/s) 10 10 10 10 10
Powder Flow rate (g/min) 6 6 6 6 6
Pass length (mm) 21 21 21 21 14.36
Number of passes per layer 10 10 10 10 1
Number of Layers 10 10 10 10 10
Overlap fraction (%) 20 20 20 20 100
Inter -pass dwell time (s) 1 1 1 1 n/a
Intra -layer dwell time (s) 3 3 3 3 3
Deposition time (s) 2.1 2.1 2.1 2.1 15
Beam Diameter (mm) 2 2 2 2 2
Argon Shielding Gas (I/min) 8 8 8 8 8
Nozzle Gas (I/min) 5
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3.4.4 Thermocouple Configuration and Measurement
During LMD, temperature measurements were recorded to experimentally calibrate the

thermal model and record the temperature history experienced. Nicoti¥rsh@&ath with 1

mm diameter thermocouples were placed inside the substrate blocks by drilling twelve 1.1mm
holes to a depth of 23 mm. The depth of-D.ihm from surface was selected to capture an
accurate thermal history meanwhile not damaging the thermocouple durirgtidep. 250

°C maximum operating temperatur&jgure 3.9 details the locations dhe twelve 1.1 mm
diameter holes used for situtemperature measurement. The positioning of the thermocouples
was to capture as much temperature history for comparisons, i.e., start of the laser process,
mid-track build, middle of the solid blocks and the edges given the complex thermal behaviours
asseiated with positioningFigure3.10 shows the eambination ofsingle track thin-walled

andsolid blocks deposited under various process parameters
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Figure 3.9 Internally positioned drilled holes into the substrate for temperature history capture.

The inhouse calibrated Nicrotherm™ N-type thermocouples have a measuring uncertainty
of £ 2.4°C (error for Martel electronics Temperature Recorder().and 1.8C (for reference
thermocoupleland a maximum operating temperature of TZ50etails of this calibration
process including the calibration graphs can be found in appendices.

Thermocouple analogue output voltage signals were acquired through 3 m extension cables
(ensuring clearance of moving parts) using a National Instrument -coutiponent

CompactDAQ Chassis connected via USB to a PC. The signals were recorded in Rabview
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environment at a rate of 50 Hz. A high resolution, Fsgked setting equates to roughly 0.02 s

‘ I N 5

+ 50w S soW

response time.

(@)

Figure 3.10 (a) Combination of Single Weld tracks, Thiwalled and Solid blocks deposited under
various process parameters and (b) Displays the solid blocks deposited under 950W, 750W and
550W from left to right, respectively.

3.5 Microstructural Characterisation
The microstructure of the amanufactured component is important to indicate the final
material properties. The microstructure was evaluated in different sections depending on the

local thermal history to draw conclusive remarks.

3.5.1 Sample Preparation
Samples were sectioned using a precision cutter with a SiC cutting wheel or by wire Electric

Discharge Machining (EDM). The interface regions of the samples were investigated in the

cross section either in parallel {& plane, or transverse {X) to the luild direction. The
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sectioned samples were mounted in conductive copper resin. To understand what effect
subsequent layer addition had on the interface region, the planes mentioned were investigated

for single, thinwalled, and solid block deposition.

Mounted samples followed a metallographic preparation for IN718. A coarse grit paper (P240)
was used to produce a flat surface and remove contamination from the cutting process. Further
grinding included a p400, p600, p1200, p2500 step followed by agiimaling at p4000. The
polishing stage was crucial for EBSD and included sometimes doubling the process time at
particle size of 9 um, 3 um, 1 um followed by a 0.5 pm diamond suspension. The final automet
polishing stage included a micro cloth with a Q.02 colloidal silica suspension. As the region

of interest acted like heavily deformed IN718, the samples were subjected to a 24 h, low
amplitude Vibropolish in a bath mixture of 0.06 um, 0.04 um and 0.02 um colloidal silica

suspension.

The substrate and -aleposited material reacted differently to the etchant process so careful
considerations were taken to reveal the solidification microstructure. The deposited region was
attacked rapidly so required only a few seconds of etchant, vehtreaubstrate required an
additional 10 s. Prior to etching, the samples were subjected to 2 min on the micro cloth with
0.02 um colloidal silica suspension. This created a more uniform etched surface. A mixture of
submersion and swab for3s using Kdings No.2 Reagent (5 g CuCl2 + 100 ml HCI + 100

ml ethanol + 190 ml H20) was implemented for precipitate analysis.

To analyse grain boundaries, a combination technique of immersion and swabbing was carried
out for 4060 s using Glyceragia Reagent (10 ml HNO3 +520ml HCI + 30 ml glycerol).

3.5.2 Image analysis
Image analysis was performed using Im&yesbftware to measure grain size, Primary

Dendrite Arm Spacing (PDAS) and the size of Heat Affected Zones.

Grain size measurement was executed by highlighting the outline of the grain by paint and then

a threshold of this outline will pick the gr
in ImageJ allows various measurements from particles to agdcidrea fraction and
particle/grain size. For aspect ratio, an equivalent ellipse which is fitted into the grains and the
ferret maximum is considered as grain size. The ratio of ferret maximum to ferret minimum is
taken as the aspect ratio of the grafdalculating the PDAS involved using the straighée

distance tool and fitting it across approximately ten primary dendrites, then dividing the line
distance value to give an average width for the primary arm dendrites. This method is especially
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useful for deciphering partly etched/hardly visible dendrites and regards each dendrite at its
widest section i.e., mitength and not tip. Lastly, to measure the heat affected zone for both
the XY and X-Z plane, the image was thresholded to produce anpiimage isolating the

primary features.

3.6 Optical Microscopy
Etched and wetched specimens were investigated under the 1"&iD&112000 Optical

Microscope.
The following investigations were carried out using Optical Microscopy:

Porosity: The deposits were quantified using images taken from sectioned planes of an etched
sample, from the HAZ to the interface and throughout the entire build. For porosity
measurements, both the¥Kand X-Z planes were investigated to understand layer and
interlayer development and if the interface region was affected along several layers and
between tracks. Urtched areas, specifically near the top of the build were analysed for

porosity.

Solidification microstructure: In each scenario, i.e., a stirglek, thirwalled, or solid block

the dendritic shape, orientation, and other formed characteristics were examined. This analysis
was conducted through a combination of micro and macro imag#s etched conditions,
employing the maystitch functions in the Leica Application Suite (LAS) software. The focus

of this investigation was to enhance understanding of the activities in the interface region. As
a result, the substrate-initial layers analysis was carried out to gain a comprehensive

understanding of the process

3.7 Scanning Electron Microscopy

A comprehensive study was carried out using SEM to examine the microstructure development
in the grains and to study secondary phases. Secondary electrons andati@rkd electrons
(BSE) imaging modes were used to understand topographic and compbsitiomaation

about the specimen respectively. SEM was used for the following investigations:

) Powder characterisation: to assess the powder size distribution, morphology and
microstructure and any defects present in the powder. A FEI Qa2 FEG
microscope (operated 46-20 kV) was used in this study. Powder particles were
mounted on conductive tape prior to deposition and imaging was carried out to

exhibit the external morphologffive images were captured at 100x magnification
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to measure several hundred particles for size distribution using the image analysis
tool. The powder was further analysed for the presence of internal porosity under
BSE configurations (operated at 15 kV).

i) Grain size: Grain size analysis was carried out by stitching several images together
to obtain a mm area. The images were captured using a FEI (liaB&FEG
SEM in the BSE mode, operated at 15 kV.

i)  Secondary phases: A FEI QuatM#50 FEG equipped with Oxford Instruments
Energy Dispersive Xay spectroscopy (EDS) detector was used to investigate the
chemical composition and microstructure of intermetallic secondary phases for
single clad tracks, thin walls and solid blocks. The Séfdrated at 2@V with a
3.5mm spot size for EDX analysis.

3.8 Electron Backscattered Diffraction (EBSD)

The interface for the deposited region was investigated by EBSD to analyse the macro and
micro texture development for single clad track, subsequent layer addition and finally, solid
blocks. Grain size distribution was also quantified at the interfacerrdyyi using Channel 5
software. A FEI Quanta 250 SEM fitted with an Oxford Instrument EBSD detector was used
to generate EBSD maps, detailing crystallographic orientation of individual grains. A large
area was mapped by taking several EBSD maps, ati2&pproximately 400x magnification
through Oxford instruments) and stitching them together to form an area of approximately 3.5
mm x 1.5mm, covering the interface of nearly 2 full tracks. For these large area mays, a 1
step size was used to evaluate the méexture. Further mapping was performed to obtain the
micro-texture, over small areas of dimensions (input next EBSD scans) with a step size of
0.5um, especially at the substrate/deposit interface where fine grains were pERSDX.
mapping with a lgh indexing of >95% was performed in this project. The maps were collected
in both the TBBD and NDBD crosssectional planes at the interface regidhe data was
analysed using HKL Channel 5 Mambo to construct pole figures and MTEX, the Matlab
toolbox. The {100}r pole figures were constructed with the growth direction in the centre
(parallel to vertical Z direction) to understand the orientation of grains and texture. Pole figures

were plotted for the substrate, heat affected zone (HAZ), fusion zonariBjitial layers.

3.9 Microh ardness
A Struers Durascan G5 microhardness testing machine was used to measure the microhardness
evolution across the interface region on the sampldBDDlcross section. The measurements

would be used to analyse the mechanical performance of the joint and desluce
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microstructural features. The acquired measurements conformed to ASB¥MI6 standard

using a diamond shaped Vickers indenter by applying 0.2N for a 10s dwell time with close
attention to avoid sites of adjacent porosity thus providing a zero measurefient
measurements surpassed their#Ominimum diagonal value with intermittent spacing of
around 150m. Indentations were made across the region of interest which ranged from
substrate to build, making sure to incorporate HAZ, PMZ and FZ vertically irbule
direction (Zdirection). Diamond indentations were analysed with a 20x objective lens, zoom

2, to produce a microhardness map.

To increase repeatability and validation, 2 vertical lines of measurements for 3 different tracks
were carried out across the region of interest as seen in Bigdr&leasurements ranged from

-2.85 mm to +2.25 mm, comparative to the interface (0 mm) to include all affected zones.

Figure 3.11 Hardness Indentations map plot

Matthew Ferguson 2024 Page86



Chapter Three Methodology

3.10 Residual Stress Measurement

Residual stress was characterised using a combination of the contour method for-through
thickness measurements andray Diffraction for neaisurface measurements to provide
experimental data to validate the thermomechanical model and to understartisgtibaion

across the interface region. As stated in the literature, the complexity of residual stress
distribution in an asleposited component is the product of fluctuating thernthlced stresses

in the form of steep thermal gradients and fast cgalates. By employing both methods, it
was possible to investigate the residual stress distribution induced from LMD in both build
(BD) and Transverse (TD) direction using XRD, and with the contour method, normal (Y)
direction. The contour method was execlifirst to deduce the bulk stress profile, followed by
the XRD measurements on the crgsstioned plane. It is important to note that XRD
measurements were performed on the esession face after being machined. A superposition

of the measurements wasther calculated to understand the bulk residual stresses in-the as

deposited initial state i.e. prior to sectioning.

3.10.1 Surface contour measurements
The contour method is a destructive process that involves removing material or sectioning a

part to release residual stress and induce deformations from which the stresses can be back
calculated. The technique is explained schematicallignre3.12. The sample is sectioned

in half to relieve the stresses on the face of the cut and the stress perpendicular to the middle
plane is completely relaxed. This relaxation cut causes the surface to deviate from planarity
where tensile stresses will pull therface back and compressive stresses will push the surface
outward, as in situation B. Hence, by returning the cut surface back to the original cut place

and a new equilibrium, the stresses accountable for the deformation can be calculated.

The contour method is carried out by measuring both halves of the cusent&sal surface
to provide a full 2D map of residual stress distribution across the as built and substrate samples.
The contour method was conducted in four main steps: cuttorgpur measurement, data

analysis and finite element analysis. Each of the stages will be explained hereafter.
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Figure 3.12 Principle of the contour method. Residual stresses in theirection act across the
middle plane which are released during the sectioning along the migdidéme, deforming
accordingly in situation B. By forcing the cut surface to reach equilibrium to theginal plane in
situation C, the stresses acting in thedirection across the entire plane can be measuf282].

3.10.1.1Part Cutting

As the contour cut relaxes the stresses normal to the cut plane, this is the first step in the
experimental route. Sectioning the part in two requires the use of Wire Hstizarge
Machining (WEDM). Part cutting requires the material to be electricalhgluctive withclose

t oskindcutdconfigurations giving better precision and finer surface finish as it will minimise
any recast layer and cutting induced stref2&3]. Wire tension and diameter, pulse time and
pulse current are specific to IN718 to achieve a high preemairolled cut to removgm

sized material and to diminish the bulge error. An Agie Charmilles Wire EDM FL440 operating

the settings specified ifable3.5was utilised for sectioning the part for residual stress analysis.
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Table 3.5 Wire-EDM configurations.

EDM Configuration settings

Wire Diameter 0.25mm
Pulseon time (A) 0. 1c¢
Pulseoff time (b) 6e s
Short PULSE TIME (TAC) 0.1t s
WIRE TENSION 2.0daN
Pulse CURRENT (IAL) 0.4amps
Voltage (V) 120V

Mechanical methods (abrasive cutting) cause localised plastic deformation from large contact
forces and result in a butdp of stresses in the material, these will interfere with the residual
stress profiles needing measured. \A&BM is required for theontour method due to the
precision and accuracy of the cut to achieve very tight tolerances and does not induce plastic
deformation as cutting is nesontact. In addition to the wire settings, the part remains
constrained using clamping fixtures on batkes during the cutting to relieve the stresses and
minimize cut deviation from original cut plane (FiguBel3). Prior to surface contour
measurements, the components receive a careful chemical clean to remove any debris from the
surface. The part is submerged in temperatordrolled deionized water during cutting to

minimalize thermal effects.

Figure 3.13 Wire-EDM clamping configuration.

Matthew Ferguson 2024 Page89



Chapter Three Methodology

Figure3.14 details the components post contour method. The polished surface preparation was
only done after contour method was completed as these would destroy surface measurements,

although it is a necessary step forag diffraction.

Figure 3.14 Crosssectional view of the built component prepared via elegimishing for XRD
analysis.

3.10.1.2Contour Measuremerst

Following the unclamping of the sectioned deposited components, a swift chemical cleaning
procedure utilizing methanol was employed to eliminate any surface debris that might obscure
results. Subsequently, surface contouring activities were executedtlusiddicona Infinite

Focus, as elucidated in FiguBl5. Meticulous attention was exercised to ensure- non
impingement or disruption of the surface conditions of the measured face.

The varying surface displacement was-a@structively gauged with spatial resolution, and a
profile was meticulously constructed for each cut face. The PFdauation technology
amalgamates the limited depth of focus inherent in an optical system wittalvecanning
techniques, thereby furnishing topographical and colour information derived from the variation
in focus. A comprehensive depth of field is achieved through the precise movement of optics
along the vertical axis, continuously capturing stefalata. Proprietary algorithms adeptly
convert the sensory data into comprehensive 3D information and-eolowg image, thereby

ensuring a full depth of field.

The Focusvariation technique, known for capturing higesolution 3D surface
measurements, delivers measurements with a repeatability for surfaces characterized by a local
Ra of 0.009 um at a Ic of 2 um. The higbensity measurement system guaranteesradbe

to detailed tolerances within the micrometer range, maintaining consistently high lateral and

vertical resolutions across extensive measurement volumes.
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A meticulously configured motion control script within the Alicona software facilitated the
generation of approximately 200,000 points on the surface. Once the initialization process was
established, the system seamlessly executed its operations autiynatiththe task was
completed. Raw data concerning vertical profile measurements and encoding stepsé for X
motion underwent conversion to coordinate data in millimetres, and this data was
systematically and automatically stored in a text file concumethn its acquisition. Both

halves of the sectioned component were meticulously scanned and their respective data files
were organized accordingly.

alicona
INFINITES 00

Optical Lens
Variation

Figure 3.15 Alicona Infinite FocusT surface contouring measurement device.

The contour method for measuring stress focuses on the normal Y stresses of a component,
which has been crosectionally sectioned through Electrical Discharge Machining (EDM),
leading to stress relaxation at the designated plane of interest. In thagipimith the left and

right sides of the crossection must be scanned, and the contour of each opposing surface
created by the cut is precisely measured. Surface contour deviations from planarity result from
the elastic relaxation of residual stressesbéng the calculation of the original residual
stresses. The primary strength of the contour method lies in its ability to furnish a
comprehensive crossectional map of residual stress components perpendicular to the cross

section, thereby offering a @éed distribution of behaviour.

An effective implementation of the contour method involves utilizing a Coordinate Measuring

Machine (CMM), wherein a touch probe establishes surface locations by contacting the
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component surface. Subsequently, surface contours are logged, capturing X, Y, and Z values.
Following the retrieval of surface roughness data, displacement values are employed to
measure the distribution of residual stress across the face. This is adhyewgditting the

surface data into a sophisticated computer program that details local residual stress values.
Prior to the part being loaded onto the stage, a meticulous chemical cleaning process is

undertaken to eliminate any debris from the component.

3.10.1.3Data Analysis
The raw data is collected in a .txt format giving all the cloud points in the form of x,y and z

data but needs to be processed through a sophisticated Matlab script to convert these into a
form suitable for calculating stresses with an FE model. The posgsing of data includes a
series of cleaning, aligning, and fitting of the data to calculate the residual stress experienced:

1) Cleaning of the point cloud data converts the .txt fildtiatlab readable format and
plotting the collated data points in graphical format. Rogue point clouds, deemed by
the user, are points in the clebdsed file that obscure the results, this could be from
contamination on the part surface and therefore neetle removed from the data
source file. Both sides of the scanned sectioned are cleaned. The obvious outliers are
deleted from the data set which could significantly affect the results as the stre
depends on the curvature of displacement field and high frequency content has high
curvature.

2) An outline of the data is collected which traces the perimeter of the collated points and
all surface data measurements.

3) Due to the local coordinate system used to measure both sectioned surfaces are
different, the point cloud from one surface, right/left side was reoriented. In this case,
flipping one cloud of data in-girection plots the two clouds on the same coordinate
system to coincide with each other. These point clouds are now aligned.

4) The clouds are interpolated onto a common grid and pointwise averaged. Taking the
cloud data from both aligned surfaces and computing average value.

5) Eliminating roughness and noise is then accomplished by fitting the data to a smooth
surface e.g. bivariate spline. Uniform spline smoothening to minimize uncertainty
requires the data to fit to a continuously defined surface without gridding the data.
Spline fitting step size is controlled whereby occurring evemgmi of depth between

0.5mm to 10mm spline.
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3.10.1.4Calculation of residual stress using finite elemehulation
Final displacements after the process of averaging and filtering are inverted about the surface

normal and interpolated/extrapolated to node locations on the finite element surface
displacement boundary conditions. Each surface was elastically deforroetienbpposite

shape of its measured contour using the commercial code, Abaqus FE model. The displacement
in the direction normal to the surface of the cut is specified on all nodes on the cut surface.
Additionally, point boundary conditions are appliedite model to restrain rigidody motion.

Figure 3.16 shows an example of the following rigimbdy motions being constrained:
translation in x and y. The minimalistic constraints ensure that the calculated residual stress
map satisfies equilibrium. The resulting stresses on the plane of the cut in noectenliare

the results of contour measurement, representing internal residual stress prior to part sectioning.

A 3D finite element model assuming isotropic elasticity was used to evaluate the residual stress
contour data. For this purpose, two material behaviours were assigned to sections of the part
namely, the substrate and deposit. A Youngs modulus cR@BOGFA [40], [234] for the
substrate and 180 GPA (160GPEB) [40], [235] for the deposition section and Poisson ratio

of 0.3 and 0.33 accordinglj236]. The 2D perimeter of the cressction attained by the
Alicona was aligned and transposed into the finite model software. By extruding the 2D cross
sectional face by the corresponding thickness of the part sectioned, a 3D model was produced
for calculations of residual stress development. Mesh seeds were attributed to each of the nodes
on the outline and along the extrusion edge. The seeds were biased by allocating a finer pitch
near the cross section of the model which represents the cut surface, arsgagitch towards

the other end of the model, this reduces the computational time and is less important for stress
analysis. Parts were modelled in Abaqus CAE and meshed with element spacing of 0.3 mm on
the cut surface and 6.8 mm with single bias away from the surfaEeyure3.16 details the
meshing technique. The element type was C3D20R; a 20 node brick quadratic element as used
by Raeet al.[237].
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Figure 3.16 Finite element mesh of halblock after displacement boundary conditions are applied.

Stress was calculated by forcing the cut surface into the opposite shape of the averaged contour
data[237], [238] Applying the opposite of the measured surface contour adir@cion
displacement boundary condition on the surface corresponding to the WEDM cut. The traverse
deformations are not calculated (x and y) and left unconstrained in the FE model erfigrcing
andU; to be zero on the surface during FE analysis, theréfotan be returned. To prevent

rigid body motions along the-x plane and accompanying numerical resultants, fixaide

constraints were applied inducing no reaction forces.

3.10.2 Residual stress characterisation using X -Ray Diffraction (XRD)
Prior to neassurface residual stress measurement uskngyXdiffraction method, the samples

which had already undertaken the metallographic preparation stage were subjected to a final

stage known as electmnlishing.

3.10.2.1Electro Polishing
Upon completion of mechanical pol i shtrayg, NPL

Diffraction [239] states the surface profile for metallic material in polished state only
achievable via electrpolishing. The process involved the work piece serving as a positively
charged anode and connected to the positive terminal of a DC power rectifier. Theehegativ
charged cathode, in the form of stainless steel is connected to the negative terminal. Both anode
and cathode are immersed in a temperatordrolled bath of electrolyte solution containing a
mixture of highviscosity sulphuric and phosphonic acidemiectric current is conducted from

the anode to the cathode through the electrolyte causing metallic ions on th@eeerkurface

to oxidise and dissolve in the electrolyte resulting in midemel thickness of surface removal.
Fortunately, this pross gives the surface a slight etching effect and therefore features become

visible under microscope.
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Figure 3.17 Electropolishing of 950W block (clearly shows the area exposed during
electropolishing as left blemish marks)

3.10.2.2Xray Diffraction
X-Ray Diffraction (XRD) characterizes residual stress -destructively by utilizing
crystalline structure as a strain gauge. Crystals, composed of atoms in-dirtieasional

periodic pattern, create interference patterns through diffraction. The oétinese patterns

depends on intgp | anar spacing (d) and incident rad

methods, XRD measures lattice strains specific to individual lattice planes and phases. Residual
stress alters the int@tanar spacing (d), detectabthrough diffraction adhering to Bragg's
condition. Synchrotron and neutrdiffraction measure lattice strain precisely by analyzing
inter-planar spacing (dhkl). Bragg's Law forms the theoretical foundation of: XRD

¢_ CQOEF

wherel is wavelength of the incidentray beam;— s t he Br ag g 0 sspacimg | e,

and n is an integer.

Therefore, strain within the lattice can be calculated by convertiqgeak positions into-d

spacings using Braggbs Law.

The NPL good practice guide no.52 explains the determination of residual stresseayby X
Diffraction [240]. Performing the strain measurements requires the sample to be placed in the
X-ray diffractometer and exposed to array beam which interacts with the crystal lattice to
cause diffraction patterns. By scanning through an arc of radius, the diffractksrqagabe
located. A clear relationship exists between diffraction pattern observed wiasrs XMiffract
through crystal lattices and the atomic distance planar spacing within the materigdldngar
spacing of a strai#ree material will produce a chaterised diffraction pattern. However,

when the material is strain, elongations and contractions are produced within the crystal lattice,
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which change with inteplanar spacing of the {hkl} planes. Measurement of this shift, the

change in inteplanar spacing can be evaluated and thus strain within material is deduced.

Several XRD measurements are made at different psi tilts and theglemer spacing, or-2
theta peak position is measured and plotted. The stress can therefore be calculated from the
plotted curve by calculating the gradient of the line and incorporatasgic properties of the
material. Assuming a zero stress at gvehere d intercepts onaxis when siff =o, stress is
given by:

O

” \d
P L

Where m is the gradient of the d vs%§ircurve.

If we consider the strains in terms of infganar spacing, implementing strains to evaluate the

stresses then:

0 Q Q
" p LI Q¢ Q

Thus, stress can be calculated in any chosen direction from theplamer spacings
determined from two measurements, made in a plane normal to the surface and direction of

stress to be measured.

The changes in-dpacings due to the strain are very small, in the region of®.th6érefore
selecting an Xay wavelength which will give a reflection, from our sample, at the highest
possible Zheta angle is crucial. Ideally, the radiation source should give a reflection at a Bragg

angle greater than 128—

X-rays do penetrate some distance into the material: penetration depth is dependent on the
anode, material and angdéincidence hence an averaging over a few microns depth under the
surface of the specimeRonochromatiqX-rays) provide very intense beams of high energy
X-rays which have higher penetration depth than conventiomayX Increased depth means

the diffraction can provide high spatial resolution, thd@eensional maps of the strain
distribution to millimére depths in the engineering component. An advantage of this is that the
intense narrow beams ofyin -10 um in size are possible which leads to spatial resolutions

that are limited due to crystalline size within the sample, not by the instr{@ddnt
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X-ray Diffraction experiments were performed to characterise the residual stress development
in the substrate, interface and build component. Measurements were performed using the
PROTO LXRD®2000 (1ISO17025 Certified) to calculate the surface residual stress

measurements after sectioning.

Specific points were located across the specimens surface to understand the evolution of
residual stress from the substrate to the initial few layers deposited (outlined in Section 8.2.1.1).
To show development, at least eighteen measurements, ranginglomm to +3mm were
performed on the identified surface profile for each sample. Development of residual stress in
the interface region incorporated the measurements-fonmm to +1mm. For each point, both
directions were measured i.e. longitudinal @rahsverse with a 1s exposure time for each
measurement. These were sufficient to obtain an adequate number of counts to construct strong
peaks used in stress analysis. A round collimator with a 1mm radius dhebféset angles in

the range of maximum 30° were employed.

The X-ray elastic Constants (XEGES, and -S1 were defined as 6.33409{1MPa and
1.424015x16MPa, respectively. And material property defined in the Proto database

considers inverse (ku AO xmcgcow8x w3

The experimental set up is shown in FigGrés. The system uses 2 det
provided by Proto Manufacturing with beam of synchrotrerays with tube elements of Mn

radiations operating at 25 kV, 20 mA and 2.10&MavelengthA 1 mm round aperture was

used with tilt geometries ranging frorB0°>0>30° with a Bragg Angle of 151.88°. For the
direction normal to the pl aneysU &,@rdthdbtrains speci
measured in the three orthogonal directions. A combination of the system XRD Win2.0 and

The Measurement Good Practice Guide of National Physics Laboratory No.52 standard

uncertainties were followed
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(a)

Figure 3.18 XRD machine configuration for (a) build direction, (b) transverse direction and (c)
overview without alignment aperture.

3.11 Inverse Heat Transfer Coefficient

It is evident that the deposition process causes development of large quantities of thermal
energy within a relatively small, localised area. The inverse heat method allows for the closest
possible experimental and analytical approximation of thermal dtaiag the deposition
process. Nonlinear processes that involve intensive heat conduction, can successfully be solved
using inverse problems of heat transfer. In the present project, the inverse heat conduction
problem is used to determine the thermalrutary conditions in the case of Alloy 718 being

deposited onto a substrate.

The iterative regularization method or optimization was chosen as it can be calculated for
nonlinear inverse problems and was calculated algorithmically using DEF8IRKhite
element software package. By inputting specific temperature history data) accurate
definition of local heat transfer coefficients, as a form of temperature, was obtained to properly
model transient thermal process. DEFORM then provides an optimizesgad Inverse Heat
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Transfer Coefficient (HTC) that extracts heat transfer coefficients from experimental

thermocouple data.

A Carbolite® furnace Figure3.19) was used to heat Alloy718 substrates with internally fixed
n-type thermocouples. The cooling curves were retrieved from°C200100°C, 1000°C,
800°C, 600°C and 400°C. Using LabVIEW Signal express® the components were held at each
specified temperature for 45 min to stabilize, then taken out and allowed to cool under NTP
(Standard temperature and pressure) conditions. The loigdger, chassis and software
mentioned in the laser metal deposition trials were used to mahsuceoling curves from

each thermocouple for experimental validation.

" oy =
‘

Figure 3.19 Inverse heat transfer experimental sap.
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Chapter 4. Experimental Trials of Inconel 718 fabricated
using LMD

4.1 Introduction

The repeatability and reproducibility of LMD manufacturing remains a crucial aspect to
investigate to concrete the future of this processing technology. A series of experimental
trials aim to characterise the laser / material interaction. Using a TagtlcbgOnal array

in the Design of Experiments remains popular amongst understanding parameter
influence and optimizing build developmeif@d], [242], [243], [244], [245] Although

this very methodical approach establishes experimentally verified process parameter, it
involves considerable processing and analysis time, energy, and material costs, and can
become exponentially expensive when considering full factorial asallys overcome

these penalties, this research will aim to base parameter selection on a combination of

published literature, operating expertise, and analytical modelling.

After reviewing substantial published literature on additive manufacturing of Inconel 718
and gaining melt pool information through analytical modelling, this chapter will detalil

the LMD process optimization route for IN718 single clad tracks (Stageirijwiled

builds (stage Il) and solid blocks (stage Ill). Additionally, the quality of theeesived

powder, and defect detection is presented. The main objective of the experimental trial
route was to use optimised LMD configurations to produce défeet highquality joins

along the substrateomponent interface and to investigate the evolution of microstructure
and residual stress behaviour experienced by Inconel 718 deposited under various process
parameters. The experimental trials would estapliseence aftrong metallurgical bond
between deposited component and substrate without defects such as delamination or

debonding, ensuring the powder deposited is sufficiently melted in the melt pool.

4.2 Process Window for Parameter Selection

The Laser Energy Density (LED) is calculated by considering the laser power (P) (in
Watts), the scanning velocity (v) (mm/s) and the laser beam diameter (d) (mm). A generic
formula is used as a guidance towards numerically correlating the process par#meter

the resultant microstructure and microstructural phgxes.

Equation4.1 Laser Energy Density Relation
0 i@ QI OME | OO 5o
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The LED serves as a comprehensive guide, correlating values to optimized manufacturing
despite the fluctuating process parameters in the resultant microstructure. By presenting
previous data on microstructures, process parameters, and outcomes, théaesearc
established a baseline for conforming manufacturing settings. Optimization can be

achieved by leveraging insights from similar manufacturing routes in previous research.

A simplistic overview of LMD processes was constructed by [@asd. [50] giving

optimal processing ranges for common aerospace alloy systems such as Inegikl, Ti

4V and H13 Tool stedFigure 4.). The graph reveals three distinct regions of porosity
formation influenced by the process parameters. Keyholing occurs when the laser power
exceeds the optimal level, resulting in porosity due to oversaturation of the melt pool.
Lack of fusion arises fronmadequate linear heat input coupled with a high powder feed
rate, leading to insufficient metallurgical bonding. Midrosity s observed when there

is a significantly high linear heat input accompanied by a high powder feed rate, resulting
in a combination of both types of porosity formation.

Linear heat input (J/mm)
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Figure 4.1 Optimised processing parameters for a variety of alloys collaborated with areas of unsuitable

processing zonefb0].

Previous work demonstrates successful part repair in various applications, focusing on

high-value parts. Yt al [247] compared repair methods for grey cast iron, finding that

LMD resulted in a significantly smaller heaffected zone compared to gas metal arc

welding. Praniewiczt al. [248] employed an additive/subtractive strategy for turbine

blade repair, reducing machining time by 18%. éfial.[249] utilized DMD for repairing

Inconel 718 parts with machined holes and grooves, achieving a-ttefedtansition

from cast to welded sections. The mechanical properties crucial for IN718 component
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repair via laser metal deposition include ultimate tensile strength, yield strength, hardness,
and, for fusion welding purposes, porosity. A comprehensive review of the literature,
summarizedn Table 4.1, details process parameter selections for various Inconel 718
applications manufactured by direct energy deposition, providing key insights from each

investigation.

Furthermore, Tabld.2 collates current studies investigating Inconel 718 builds which
have been post heat treated to address some of the manufacturing issues viiséaser
repairment including anisotropy which refers to the directional dependence of material
behaviour undemechanical loads and detrimental phase production.

Table4.1 Investi%ation on mechanical Erogerties of additivelz manufactured IN718 comEonentS

Value Laser | Laser Laser Powder Laser Ref Key Highlights
Property / Type | Input Scanning Feed Energy
Investigated Range Power | Speed Rate Density

(Watts) | (mm/min) (g/min)

Ultimate 1182 CO, 1500- 480-720 5 93.75 [77] | All samples (DA, 720 °Cx8
Tensile 2000 h/furnace cooling to 62(
Strength (MPa) °Cx8 hfair cooling) no

solution heat treatment ¢
deteriorate substrate.

Yield strength around 97
MPa.

Average tensile properties g
50%LAMed Inconel 718
superalloy were slightly
lower than wrought criterion
(AMS 5662M) around
88.9% UTS and 89.4% YS.

Ultimate 520- Diode 1100 700 5.2 N/A [74] | Comparing precipitation
Tensile 800 hardened HT, UTS was 209
Strength (MPa) higher in all cases with

ductility 100% higher.
Maximum UTS was slightly]
over 1000 MPa, while thg
values of the base materi
were between 1200300
MPa. The properties of theg
specimens do not matc
those of wrought Incone

718.
Ultimate 845 CO, 2350 480 6 97.91 [250] | Poor mechanical propertie
Tensile due to porosities caused
Strength (MPa) hollow particles in GA

powders hence promot
micro-porous  coalescenc
failure.

Post HT (Solution + Doublg
Aging) the UTS was 1.5
times larger with 1240 MP4
(Wrought IN718 1340 MPa)
Consisted of columna
dendrites growing along
<100> crystallographig
orientation with 5um primary
arm spacing.

Further improving
mechanical performance, th
gas atomised powder wg
replaced by PREP IN71
powder and heat treated
obtain 1360MPa UTS.

Ultimate 700 Diode 1800 1000 18 50 [251] | Samples solution annealed
Tensile 760 1065°C (AMS5664) for ong
Strength (MPa) hour to reduce warping.
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Value
Property /
Investigated Range

Laser
Type

Laser
Input
Power
(Watts)

Laser
Scanning
Speed
(mm/min)

Powder
Feed
Rate
(g/min)

Laser
Energy
Density

Experimental Trails
—

Ref

Key Highlights

Laves & lack of precipitates

854
936
919
820

Ultimate
Tensile
Strength (MPa)

Fibre

600
1000
1500
2000

1000

N/a

35.99
29.94
29.99
29.94

[252]

The asdeposited
microstructure altered from

fine columnar dendritic in the
low laser power with smalle
beam diameter to coarg
columnar dendritic formatio

in the high laser power witl
largest 4mm beam.

Sample produced via 1000

laser power and bear
diameter of 2nm, resulted in
the highest yield strength an
UTS, 729MPa and 936MP¢
respectively.

937
745

Ultimate
Tensile
Strength (MPa)

Fibre

350
1350

760

6.5
195

30.6
30.4

[253]

No reported tensile value|
were comparable or suitabl
for weld repairs without any
additional heat treatment
However, evaluating thg
microstructure, a smaller an
more refined grain structur
of the lowenergy process
yielded greater tensilg
strength ad elongation in
comparison to high
deposition rate.

Ultimate 932
Tensile

Strength (MPa)

Fibre

1000

333

[254]

The mechanical performang
of L-DMD was compared
against Ascast and half
cast/halfDMD.

The DMD built for reference
purposes  exhibited  th
highest yield strength an
UTS with slight effect on
specimen orientation i.g
vertical build tensile sample
and horizontally built tensilg
samples. (UTSr=909MPa
and UTSER=932MP3)
Analysing the interfaces,
smooth transition from cas
section to DMD material
without lack of fusion.
Tensile specimens extracte
from transition zone hag
UTSnha=782MPa with plastic|
deformation occurring in thg
cast section. Fractur
locations happened in th
cast section.

0.2% Yield
Strength (MPa)

525

Diode

2950

1500

0.583

295

[229]

Solution heat treatment of-a
deposited  dissolves  th
detrimental Laves phase inf
grain bounda
After heat treatment + HIR
mechanical propertie
enhance.

Hardness increased by 539
from 300HV to 467HVT
industry requirement
350VHN.

UTS increased by 54% fron
847 MPa to 1301 MPa an
0.2% vyield strength morg
than doubles from 525 MP
to 1120 MPa

In comparison to castin
IN718 (AMS5383) and
wrought IN718 (AMS5662)
which have UTS of 862MP4
and 1276MPa and YS d
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Value | Laser
Property / Type
Investigated Range

Laser
Input
Power
(Watts)

Laser
Scanning
Speed
(mm/min)

Powder
Feed
Rate
(g/min)

Laser
Energy
Density

Experimental Trails
"

Ref

Key Highlights

respectively once HIP + Heg
treated LMD IN718 held
1301MPa UTS and 1120MP
YS.

0.2% Yield 590 CO,
Strength (MPa)

2350

480

97.91

[250]

Post HT (Solution + Doublg
Aging)  yield strength
doubled to 1133 MPa

Hardness 325 NA
(VHN) 450

550

408

[255]

Fewer misorientated graing
with higher hardness foun
near the interface regio
which was attributed tg
enhanced precipitation i
bottom builds due to NKi
segregation concentrate
along interdendritic regions
as well as within grains neg
eutectic produst

Hardness heterogeneity w;
attributed  to  enhance:
precipitation in the bottom
region of builds due to NK
segregation and multipl
thermal gyrations.

Hardness 358 Fibre
(VHN)

2350

700

67.14

[256]

Higher intensity of
intermetallic NAI element
leads to increased hardnesg

Hardness Around NA
(VHN) 300

650

400

97.49

[257]

Heat treatment AMS559
increased hardness to apprd
500 VHN.

Prior to heat treatmen
columnar dendritic crystal
form along the <111> an
<200> direction epitaxial
from the substrate wit
precipitated phases retaineq
Post AMS5596 hea
treatment, a compositiond
homogenous matrix  with
dispersive NbC and Marich
precipitate phases forms.

Hardness 251 Fibre
(VHN) 255
281

250

120
200
300

125

50

[258]

Decrease in hardness w:
found with increasing the
linear energy.

Hardness 264 Fibre
(VHN)

2900

1500

33.33

29

[259]

Significantly high porosityi
speculates that ateposited
IN718 cannot directly be
used, post heat treatments ¢
necessary to  improv
strength.

Hardness 260 Fibre
(VHN) 300

250

300
150

28.52
28.52

250

[260]

Change in microhardneg
didnét follo

scanning spee(
difference/distance fron|
interface. Strong
microstructural changes we
seen along the height of th
DLMD part.

Hardness 234
(VHN)

1400

600

[261]

A defect free  build
conforming to the requisite
dimension of a thin wall a
constant laser beam diamet
without pores or
irregularities was achieved.

Porosity Less Diode
than
1%

1100

700

N/A

(74]

Pores didnot

Porosity 0.41% | Diode

2950

1500

0.583

[229]

Hot Isostatic Pressin
reduced porosity in the ag
built deposits
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Table 4.2 Process parameter investigation on mechanical properties of heat treated additively
manufactured IN718 components (Isdenotes solution heat treatment followed by air cooling,
*HSA i denotes homogenization treatmensolution heat treatment double agirg heat
treatment)

Laser | Laser UTS UTS | Yield Yield VHN VHN Key Highlights Ref
Power | Energy | (MPa) | (MPa) | Strength | Strength
(W) Density (0.2%) (0.2%)
LED (MPa) (MPa)

1250 37.5 687 1278 313 (s) 1061 220 (s) 485 Microstructure most | [262]
1300 39 (s) (hsa) 328 (s) (hsa) 232 (s) (hsa) uniform small grain
1350 40.5 726 1307 340 (s) 1093 239 (s) 491 size at 1350W after
1400 42 (s) (hsa) 325 (s) (hsa) 228 (s) (hsa) first solution
756 1342 1129 496 treatment
(s) (hsa) (hsa) (hsa) Under 1350W, the
718 1298 1077 488 UTS and Yield
(s) (hsa) (hsa) (hsa) Strength of HSA
treated IN718 are
highest due to
precipitat
2006 in the
0 in grain
causing dislocation
pinning and impede
movement
450 60.24 970 1380 | 720(AF) 1250 285.3 367 Faster cooling rates | [263]
850 75 (AF) (DSA) 680 (DSA) (AF) (HSA) yielded coarse
980 1300 (AF) 1200 366.1 358 Laves phase, short
(AF) (DSA) (DSA) (AF) (HSA) | aging treatment can
successfully form
enoughr6 6 ,
improving strength
by 96% (Low
power) and 76%
(high power).
Direct heat
treatments did not
change columnar
structure or dissolve
Laves phase.
*AF i as fabricated
*DSAT direct short
aging (732° for 4h,
oven cool)
2200 73.33 Values in Figure 41 Displays results N/a N/a In this paper, input | [1]
4000 66.66 from uniaxial compression test under density is regarded
4000 53.33 | strain rate 0.001/s whereby sample 1, 2 as power/beam
and 3. diameter resulting in
dendrite
of:

Sample 1
(P=2200W) i
7.16pm
Sample 2
(P=4000W, laser
spot diam =4mm) i
18.82 ym
Sample 3
(P=4000W, laser
spot diam =5mm) i
11.18pum
Finely close
dendrite wall
spacing resulted
from low input
energy that impede
dislocation
movement,
hindering plastic
deformation and
cause increased
strength.
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Laser | Laser UTS UTS | Yield Yield VHN VHN Key Highlights Ref
Power | Energy | (MPa) | (MPa) | Strength | Strength
W) Density (0.2%) (0.2%)

LED (MPa) (MPa)

Narrowest primary
spacing  exhibited
higher flow stress
Columnar grains
along the build
height caused
higher

strength in
scanning directions
than deposition
direction which
vanished after full
heat treatment.

2100
1800
— 1500
[
Q.
=
2 1200
g 900
=
600
Loading direction: Z
300 Temperature: 298K
Strain rate: 0.001/s
0
0 0.1 0.2 0.3 0.4 0.5
True strain

Figure 4.2 True stressstrain relationship for samples-B (LMD IN718 samples deposited
using different process parameterdgnoted inTable 4.2[1].

To adhere to industry standards, mechanical properties are dictated by AMS 5596 (for
sheetsmmOthiztkness) and AMBN), Sfediying Nickelr s h
Alloy, Corrosion and Heat Resistant, Sheet, Strip, And R264]. However, in practical

terms, the workpiece should ideally exhibiservice condition properties to align with

the mechanical standards outlined Trable 4.3 ASTM B670, titled 'Standard
Specification for Precipitaticiardening and Cold Worked Nickel Alloy Bars, Forgings,

and Forging Stock for Moderate or High Temperature Seij\d68].

Therefore, employing Laser Metal Deposition (LMD) for the repair of superfl@g8
ideally yields asleposited properties closely matching B670 standards, meeting the
requirements of AMS 5596. This approach aims to surpass the propertiesasit as
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material, thereby diminishing the necessity for total replacement, which would result in

substantial expenses, energy consumption, and waste generation.

Table 4.3 displays the room temperature mechanical properties of supeldlfd in
different forms and hedteated conditions. The heat treatment consists of solutioned
condition (940°C to 1010°C, held thinin, then cooled at rate equivalent to air or faster)
followed by the precipitation heat treatment consisting of 718°C + 14°C held for 8 h,
furnace cooled to 621°C + 14 °C hold until total precipitation heat treatment time has
reached 18 h, and then aooled[265].

Table4.3 Inconel 718 Superalloy mechanical properties in Aerospace Grade

Alloy Heat Tensile Yield Elongation  Reduction  Hardness
Conformity Treatment Strength, strength in 2 in. [50 of Area, (HRV)
min (0.2% mm] or 4D, min, %
(MPa) offset) min, min, %
SMPa!
NO7718 Solutioned 1241 1034 12 15 346
ASTM &
B637[228] Precipitation
hardened.
AMS5596  Solutioned 965 551 30 n/a 270
iSheet
4.7mm Solutioned 1240 1035 12 350
thick) + Aged
AMS5597  Solutioned 965 517 30 n/a 260
iSheet
4.7mm Solutioned 1240 1035 15 365
thick) + Aged

The optimal process parameters for meeting technical requirements in repair applications

are delineated in

Figure4.3througha comprehensive review of published literature. The investigation into
asdeposited mechanical performance reveals that achieving substantial mechanical
properties necessitates ppsbcess heat treatments, indicated within the orange window.
Machine confyurations that offer comparable mechanical performance but entail larger
volumes of powder and energy are identified in the blue window. Lastly, the green
window denotes optimized process parameters that surpass the properties of casted IN718

while alignng with the ultimate tensile strength (UTS) specifications of AMS 5596.

It can be concluded that to reach the mechanical performancesefvice grade IN718,
postprocess heat treatments would be requinedvever this could be detrimental to the

substrate properties. Therefore, to understand the evolution of microstructure and
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mechanical performance, this investigation shall explore both as deposited and post

process heat treatment that has been developed to preserve substrate performance.

H Energy Density (J/J/mm?) @ Powder Feed Rate (g/min)
FHT

100 B AF o 25
H DA

90 225

80 ® AF o @ DA 20

=~ o W AF DA m psa m o2 R

g 70 175 §

g W DA s,

3 60 B AF W DsA 15 o

>, W AF E

= H DA I

2 so 1259

8 FHT b

2 40 LR AF N mAHT 10 T

g s s [ ] iAF AF F:T FHT @ DA %

E 30 W AF AW AR KAF B HIP+FHT 7.5 %

AF @ AF [ o

20 AF e @ DA s 5
10 @® AF @ DSA 2.5

0 @ AF D4 ® HIP+ FHT. bsA 0

650 750 850 950 1050 1150 1250 1350 1450
Ultimate Tensile Strength (MPa)
ABBREVIATION HEAT TREATMENT PROCESS

AF As fabricated

S Solution annealed (AMS5664) 1065°C/1100°C for one hour, air cooled)
DA Doubleaged (720 °C, 8 h/furnace cooling at 50 °C/h, to 620 + 620 °C, 8 h/air cooling)
DSA Direct short aging (732°C for 4h, oven cool)

HIP + FHT Hot isostatic pressed followed by AMS5583D homogenization (1093+14 °C; 2 h/air cooled); st
annealed (954 ®82 °C, 1 h/ air cooled); double aging (71848 °C, 8 h, and then cool it do\
621+8 °C for 10h) and then cool it down in air to room temnpeea

FHT Full heat treatment: homogenization treatr
1 h/air cooling) doubl e aging (720 AC,

Figure 4.3 Process Window for Optimised Direct Energy Deposition Configuration (Green

box denotes majority of suitable energy density and powder federate conditions; Blue box

denotes similar mechanical performance but requiring substantially more energy density;
Orange window represents highest UTS with post processing heat treatments.

4.3 Process Parameter Selection

Drawing on conclusionom Table4.2, Table4.3 andFigure 4.3 a distinctcorrelation

exists between the mechanical performance of as deposited IN718, which is heavily
influenced by process parameters and can be tailored as per key product. Therefore, the
energy density is recommended to remain betwee02B8mn3 with a powder flow rate
between 2.5.5g/min. The spot diameter of the laser was focussed ahia 2liameter

spot. Thus, the aim of this study is to examine the relationship between process
parameters and microstructural evolution for repair applications, by varying the laser
power only, which is the key parameter. Additional observations can be made leading to

the correlation between laser power and local thermal history which directly irdkienc
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the evolution of microstructure, mechanical properties, and residual stresses. Repair
applications require adequate mechanical performance, sufficient bonding strength and
good control of the microstructure which can be achieved by optimizing the enérgy an

power consumption as per the following sets of parameters:

I Upper limit of process window, i.e. the laser power was set to \850

(corresponding to 47.5mnf)

i. Intermediate condition, i.e. the laser power was reduced toA7%BD = 37.5
J/mn¥)

iii. Bottom limit of process window, i.e. the laser power was reduced further to 550
W (ED = 27.5)/mn)

4.3.1 Comparing Selected Process Parameters to other optimized windows
Mechanical property studies on-fabricated (AF) specimens indicate that employing

correct process parameters can yield a substantial ultimate tensile strength within the
range of 76MPa up to 980 MPa. Due to the anisotropic nature of crystal growth during
solidification and the complexity and ndinearity of the fabrication method, peak
strength can be achieved when the direction of applied load in a tensile test is parallel to
the gowth direction of the dendrites. Let al.'s[266] investigation explored the impact

of energy density on the forming accuracy and physical properties of Inconel 718
fabricated through the LENS techniquegure 4.4suggests an energy density process
window of 83.33J/mmz to 137J/mm?2, with values beyond this range leading to high
surface roughness or low relative density. While relative density provides a quick
indication of part quality, further examination of porosity size, volume, and distribution
is crucial for correlating esrgy density with defediree builds, mitigating stress

concentration regions.

Ma et al. [68] study focused on the influence of energy input on the microstructural
evolution ofLMD IN718 alloy. Energy density (ffwas defined as the laser energy per
volume andvas calculated by considering the overlap rate between two neighbour tacks,
the measured width of the tracks and the layer thickness. Examining a range from 175
J/mms3 to 600 J/mm¥igure4.5illustrates the influence of energy densities on relative

density, calculated using image processing software.
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360
- - V.., .
ED=137.5J/mm2_  /
340 “a/
— o ./ * ¢ X
2 320 High surface / /  ED=83.33 J/Imm?
: roughness, and /
g deformation rate ,
300
g‘ - ;‘ > ‘ Low relative
S / / density and high
@ deformation rate
® 2804
u = & *
260 = Relative density
o o + Deformation rate
+ Surface roughness
240

3 4 5 6 7 8 9 10 11
Scanning speed (mm/s)

Figure 4.4 Energy density window for LENS process Inconel 7[286].

Results from Maet al.[68] indicate that a process window from 220 Jfbor550 J/mri

(Figure 4.5) resulted in satisfactory relative density, although it must be noted that all
experiments were carried out in a glovebox, sealed with oxygen content less than 50 ppm.
Interestingly, the lower Eled to a more refined microstructure with less amount of
detri ment al Laves phase and more precipi:
small overlap fraction. Moreover, it was concluded that if the volumetric energy dropped
below 2203/mn?, it could lead to lack of fusion and a relative density of @®.21%.

100.0
Area C: E >550)/mm’ >-
99.9 -

1 0

99.8 4 0
9 0
= 99.74
é 99.6 ~ AreaB: .
s 220J/mm’<E, <550)/mm’
E 995 e
ii 0

99.4 O s

99.3 -
<«—— Area A: E <220)/mm
902 T T T T T T T T
150 200 250 300 350 400 450 500 550 600 650

E, (J/mm’)
Figure 4.5 Relative density of the afabricated IN718 samples deposited using different E
[68].

4.4 Overlap Configuration
During multitrack deposition, a small overlap distance exists between two adjacent
tracks to ensure good bonding and continuity of the build. The overlap can be defined as

a percentage by Roverlap =I(1D) x 100, where L is the offset distance betwegaaaht
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laser spot centres and D is the laser diameter. The selection of the overlap value is

essential for any additive manufacturing technology as it directly correlates to surface

finish, residual stress distribution and the final microstructure based ondhmath
gradient (G) and solidification rate (R). Cab al. [267] concluded that the residual

stresses in the overlap area were significantly higher and fluctuated more intensely than

in the innefpass area. Furthermore, as shown in FiguBgethe average and peak values

of residual stresses increased with increasing the overlap ratio, while the variation of

residual stresses was more gradual.

300

250 =

200 | "

100 ® L] -~ [

0 g

50 Pass:N Pass:N+1

Absolute value of residual stress/MPa
-
| }
|

A

B

Pass:N+2

Absolute value of residual stress/MPa

400
380
300
280

180

100

50

-50

-100
-150

1

A B

Pass:N+1 Pass:N+2

3000
Position/pm

(a)

! L \
0 1000 2000

!
4000

L
5000

0

L
1000

1 1 1 1
1600 2000 2500 3000

Position/pm

(b)

Figure 4.6 Residual stress measurement of LSFed Inconel 718 samples with overlaps rates

(a) 20% and (b) 509267].

Ma et al. [68] investigated the microstructural evolutionld¥iD IN718 superalloy to

determine an optimised volume energy density based on various process parameters

which included the overlap percentage which was ranging from 20% to 50%. The increase

of overlap percentage resulted in the increase of the size and viohotien of Laves

phase in the intedendritic boundaries, which coincidently, depleted the regions of Nb

content for strengthening phases due to msagregation of the alloying elements Nb

and Mo, thus forming Laves phase more eadilye accumulatededn s i t y

of t h o

phases waslepleting, and the particle size was increasing with increasing the energy

volume density, aBigure4.7 shows. As the volume energy density is increased, the melt

pool dimensions will increase and solidify at a lower,rate d

thus precipit

could be partially dissolved duegarrounding higher temperatures. The volume fraction

of precipitated strengthening phases at the lowest Ev of 1763J4ithout any post

process heat treatment was 7.12%, whereas therhagtergy density volume of 600

J/mn¥ resulted in only 2.66% volume fraction of precipitated strength phase.
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Figure 4.7 SEM micrographs of the aPLFed samples detailing the precipitated phag@s® 6
in the matrix for E, of (a) 176 J/mm, (b) 248 J/mm, (c) 350 J/mmand (d) 600 J/mm[68].

4.5 Concluding Remarks on Optimised Process Parameters
From published work, some key observations can be made with resph&tDtdN718

process parameters and the corresponding mechanical properties:

1. The primary focus of published literature istaslt components, build quality
and mechanical performance, with little attention directly focussing on the
interface section between base workpiece adsldscomponent.

2. The evolution of microstructure varies throughout the deposited component
which is highly dependent on the local thermal history experienced.
Consequently, the mechanical properties can fluctuate depending on the
location i.e., higher hardness nearer the interface region due to a faster cooling
rate as compared to the nsdction of a component.

3. Anisotropic material behaviour is expected irbadt components; therefore,
the properties of the repair should be considered prior to selecting a deposition
direction and/or path. The tensile strength when the build direction runs
parallel to loading dection outperformed other directions.

4. PostLMD heat treatments are essential to enhance the UTS and YS, because
the rapid cooling rates duringMD produce transient thermal cycles which

Matthew Ferguson 2024 Pagell2



ChapterFour Experimental Trails
inhibit the precipitation of strengthening phases and promote the formation of
detrimental phases.

5. Appropriate heat treatments will depend on the evolution of microstructure
and mechanical properties of the component i.e., may only need a direct aging
heat treatment.

6. Since mechanical properties are essential for repair applications, presence of
defects and inclusions must be documented, with measures taken to mitigate

these, i.e., pogtrocess HIP.

7. UTS, YS and Hardness are the key properties reportéahie4.1andTable
4.2, however for repair investigations the process parameters could be
optimised for toughness, high creep strength, high temperature fatigue

strength or high temperature corrosion resistance

8. In some studies, direct conclusions cannot be made due to lack of published
details, i.e., Zhie t  @Vestigason into laser power effect on mechanical
performance has no mention of the powder feed rate that waf262¢d

9. An overlap percentage selection below 20% for all three laser powers will be
beneficial for the resultant aeposited IN718 microstructure to inhibit the
growth, volume, and morphology of the detrimental Laves phase which
coincidently increases the proliélp of strengthening precipitated phases to
form without subsequent heat treatment.

10. A higher overlap percentage could lead to an increamesifual stress in the
overlap area and intensely fluctuate more in the overlap area than that of the
innerpass area. The average value and peak value of residual stress could
increase with further increase of the overlap percentage.

From an industrial manufacturing stance, the beneficial aim to decrease the overlap
fraction from high 4660%[1], [37], [268], [269],[270t 0 020 %, was t o cr
reduction in energy and material consumption. From literaf26&], high overlap
fractions generate high residual stresses, precipitation and growth of unwanted
detrimental phases and larger overall production costs. By reducing the overlap
percentage between adjacent tracks, the volume of powder deposited to thedarea an
incurred wastage will significantly reduce to reach agheipe manufactured component.
Furthermore, the energy consumption and overall cost to manufacturedepcssted

component significantly reduces as the repetition of tracks to reach a neapesividith
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will subsequently be fewem.hus, the proposed deposition strategy will further enhance

the sustainability aspect of AM and LMD.

Based on the selected process parameters, an analytical model was developed to provide
melt pool dimension information. This information was analysed and compared later
against single track deposits to make any adjustments necessary to the LMD

configuratian.

4.6 Analytical Model for Process Development

The overall simplicity and applicability of the model is to make an appropriate starting
model to predict temperature history as a function of time, temperature gradient, cooling
rate and solidification rate, which could be further developed. However, itgith
simplicity follows these assumptions:

1 Thermophysical properties such as thermal conductivity, density, and specific
heat capacity are temperature independent and latent heat due to phase change is
negligible.

1 Velocity and power input are constant, leading to gstadionary condition of the
temperature distribution around the melt pool.

1 There is no heat losses from the workpiece; surface convection, melt pool
convection and radiation are ignored, therefore heat transfer is purely conduction
through the substrate.

1 Heat source is a point source not gaussian, volumetric or conical.

1 The deposition of powder has insignificant influence on melt pool size and the
laser interaction with powder is ignored.

1 The substrate is modelled as a sanfinite body meaning that one surface is
bounded and extends to infinity in other directions acting as a massive heat sink.

The resulting analytical sol ut[Rdgivilgan be
threedimensional, steady state temperature field for a point heat source moving in x

direction:

Equation 4.2 Steady state point heat source
oy =0 @Y
—_— w F——
¢ Qg 4 q

0 —Xxp
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Where T is the temperature of the base matediak laser absorptivity, P is the laser
power provided (including efficiency), k is the thermal conductivity, V is the scanning
velocity andy is thermal diffusivity. The weld scanning direction was performed in the
y-axis; so, to perform welding velocity and time in the equatievit i substituted by

and the distance from the beam location to the point of interest is:
Y ® o «&,which when substituting foryy @ a

Where the coordinates are relative to the position of the energy source such ghat x=x
Xp,Y=Yb T Yp,Z=2 1 Zp,in which b subscripts are the beam coordinates and p subscripts

are the coordinates of the point of interest.

Since the Rosenthal equation does not account for any tempetapeedent material
properties, the properties at room temperature, shown in Fabl€he effectiveness of

the laser to successfully melt the Inconel 718 powder particles in this project is currently
unknown, i.e., the laser fibre efficienddn experimental study from Sair@atherinest

al. [272] indicated that the absorptivity of Inconel 718 tends to increase with higher
temperature. Considering the prevailing literature, which reports efficiency values
spanning from 0.3 to 0.9845], [273], [274] a laser fibre efficiency of 0.4 is chosen for

the initial melting of Inconel 718. This selected value serves as an initial benchmark,
subject to further scrutiny through both experimental and finite element analysis (FEA)
models. MATLAB was employed focalculations, focusing on discerning rptiol

characteristics such as width, depth, and molten area.

Laser absorptivity, denoting the ratio of absorbed laser energy to melt enthalpy (i.e., the
energy needed to melt a unit volume of matefi&fb] was considered. This is usually a
dimensionless value which latest research derived absorptivity is related to the
morphology and temperature of the melt p[@36]. To simplify the calculation, many
mathematical models approximated absorptivity as a cor[&@nit Literature suggests

this value to be between 0.3 and 0.87 for the absorptivity of INZAB. Gruberet al.

[230] analysed four states of IN718 powders (virgin, used, overflow and spatter) for LPBF
process found that average laser absorption of IN718 powder in all states ranged from
66.6-76.1% with the virgin powder averaging 68.8% for the wavelength spectrum 900
110nm fibre laser. Based on this wavelength and feedstock powder being very similar
to that of the configurations used in this project, an absorptivity of 78% was selected

which agrees closely with HuynR78].
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Table4.4 Room temperature thermal properties of Inconel 718 used in Rosenthal equation.

Parameter Symbol Unit Value
Laser Power P W 950, 750, 550
Laser Fibre Efficiency S 0.4
Laser Absorptivity ) 0.78
Ambient Temperature To K 293
Solidus Temperature Ts K 1533[145]
Liquidus Temperature T K 1609[145]
Specific Heat Capacity Cp J/KgK 536[145]
Density m kg/m® 7993[145]
Thermal Conductivity k W/m2K 21[145]

The analytical solution will provide a baseline on how the melt pool dimensions evolve
with varying laser power and provide a prediction for the transient temperature field. It
offers a coseffective means for quick analysis of melt pool formation, ggidiMD
configurations. Predicting melt pool dimensions aids in validating process parameters for
depositing IN718, reducing computational burden and cost in exploring parameter space.

4.7 Simulated Melt Pool Dimensions

According to the Rosenthal equation, the temperature maximises Whenhdue to the
infinitely concentrated heat source, therefore this solution is useful when examining cases
where the heat application is much smaller than the dimensions of features of interest
[279]. The computation of fusion width and depth and total molten area were determined
for the welding velocity 10 mm/s when the laser power is\@5J50W and 550W. A

time selection of 1 s will ensure the laser beam will have moveunlin the yaxis
encapsulating close to the mpdint of the experimentally analysed single deposited

track. Solution of equations were obtained by means of MATLAB software.

Figure 4.8displays the predicted melt pool dimensions and HAZ for the three sets of
process parameters, i.e. the varying laser power; the {amliid transition temperature
(13361260°C) was used to define the maitol dimensions. In all three process
conditionsthe calculated analytical model simulates the melt pool dimensions for width,
depth and molten area which can help to select the machine configurations. The size of
the melt pool determines the overlap between tracks, the focusing heigheanftsét
between layers, among other-getparameters, to achieve a continuum solid with good

bonding between tracks and/or layers.

If the laser configurations are set improperly, defects such as lack of fusion or pores from

keyhole conduction (excessive penetration) will appear in the final formed component
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[280]. Keyholing in LMD refers to a phenomenon where the laser beam melts the material
to such an extent that a hole or "keyhole" is formed in the melt pool. This keyhole is
essentially a void or cavity created by the intense energy of the laser beam, all@ving
molten material to flow around it. Keyholing can occur when the laser power density is
sufficiently high, causing vaporization and displacement of material. It is often desirable
in processes like welding as it can promote deep penetration and fesweeh the
materials being joined. However, in LMD, excessive keyholing can lead to defects such
as porosity or irregular bead shapes if not controlled profsij, [282]

P=950W Melt Pool - Cross Section P=750W Melt Pool - Cross Section
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Z Axis (mm)
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Figure 4.8 Predicted crossectional melt pool dimensions for (a) 950W, (b) 750W and (c)
550W.

Fluctuating the laser power has a direct influence on melt pool geometry as depicted in
Figure 4.8 an increased laser power intrinsically provides more energy to a localised spot
on the substrate surface. The increase of laser energy provided establishes wider molten
pools with deeper penetrative distance. Higher LED leads to increased energy input,
resulting in a larger melt pool, as confirmed analytically. Experimental studies by Aversa
et al.[283] and Keshavarzkermaet al.[79] revealed substantial variations in melt pool

dimensions with changes in laser power. Both studies demonstrated a notable reduction
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in melt pool depth and width by decreasing the LED while maintaining constant scanning
velocity. This trend was further validated by an analytical solution based on the Rosenthal
equation277].

The analytical temporal temperature behaviour for the substrate surface is shown in
Figure 4.9which details a top view of the moving heat source. When t=1, which
corresponds to the heat source travelling during mid track deposition, it can be deduced
that the higher laser power results in a larger molten pool and heat affected zone in the
surrounahg substrate as would be expected based on Rosenthal equation. As there is
sufficiently more energy provided to the substrate during deposition with higher laser

powers, the energy absorption is projected to increase as well.

The longitudinal crossection shape of the melt pool plays an important role in the
determination of the final quality for LMD repaired parts due to the interface properties
and HAZ of the substrate, which are heavily influenced by time under tempeFadguire.

4.10 details the temporal temperature field for the transverse laser scanning direction
using laser power variation. Experimentally capturing the melt pool geometry is difficult
due to the small temporal and spatial scale and continuation of#rgolth melting the
previously solidified material. However, the longitudinal section contributed to the
understanding of physical mechanisms in the LMD and justify the assumptions presented

in the analytical model in terms of melt pool depth.

P=950W Melt Pool - Top View

P=750W Melt Pool - Top View
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Figure 4.9 Top view of the molten pool on the substrate surface.
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P=950W Melt Pool - Transverse P=750W Melt Pool - Transverse
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Figure 4.10 Crosssection of Melt Pool in YZ plane i.e., transverse (laser moving from right
to left)

A transverse cross section of the single deposited track using 950W is deté&ilgaren

4.11, care was taken to try capture the sifigbek midwidth. Furthermore, by
analytically and experimentally capturing the transverse ®estion, the laser behaviour
phenomena can be analysed. As showrigiire 4.1] the interface's depression profile
exhibits minimal noruniformity, presenting a wavy appearance. This variation in height
and depth of the single track, could be linked to a combination of intemisEowder

feed, energy input, and their interaction which can alter the fluid dynamics of the molten
pool. As the laser movement itself is controlled via a high precision CNC, irregularities
in the depth profile must be down to factors which are intrallsi harder to control such

as localised powder delivery due to namiformities in powder size, morphology and
carrier gas interaction that could expel power from molten area causing the localised
energy to be absorbed deeper into the substrate. Theaflion in melt pool dimensions
arises from the interplay of two opposing forces: energy absorption and dissipation.
Assuming a constant LED supplied from the heat source, the amount of energy absorbed
by the melt pool would change depending on the volohpawder delivered as the heat

source moves along the deposition a4
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Figure 4.11 Transverse YZ crossection of melt pool deposited under P=950W

Solving the melt pool dimensions in both the XZ (crssstion), XY (top view) and YZ
(transverse travel direction) for the three independent laser powers allows the LMD
configurations to be optimised accordingly, aiming to enhance the efficiency of the
overall process in terms of energy consumption, volume of material deposited and
wastage. The results of the calculated molten pool are shokigure 4.12To validate

the accuracy of the solution, experimental ciesstions of the single tracks deposited
using varied laser power is carried out. Due to the simplifications of the analytical model,
the predicted melt pool dimensions should be used as a guide, rather than taken precisely.
To validate the accuracy of the solution, the cisEsions of the sgie-track deposition

trials for each laser power were characterised. Comparisons between the simulated

analytical model and the experimentally measured dimensions will now be discussed and
explained in more detalil.

ff

m Melt Pool Depth:
Analytical

Energy Density [J/mm?]
Y]
~1
n
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o
h

|

m Melt Pool Width:
Analytical

04 05 06 07 08 09 1 1.1 1.2 1.3 14 15 16
Melt pool dimension [mm]

Figure 4.12 Analytically derived melt pool dimensions.

4.7.1 Determining experimental melt pool dimensions
To experimentally verify the accuracy of this simplistic analytical model and to

understand the influence of energy density on the melt pool, thesgossns of the
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single clad tracks were characterised. Due to surface tension and the added volume of
deposited powder material, clad area above the surface of the substrate will form.
Therefore, the molten area from the deposition trials will be defined by the width (w),
depth (d), height (h), while the molten area will be defined as S1+S2, see &itRire

S1
2b T h
. 2b B
C _dl’
Substrate Substrate
(a) (b)

Figure 4.13 Melt-pool schematic crossection with considerations as followed: (a) bare
substrate with no powder (b) the first layer with powder inclus[@85].

Dezfoli et al [286] developed 3D finite element (FE) model of the DED process which
was integrated with cellular automaton (CA) to predict molten pool characteristics of
deposited T6AI-4V and was experimentally validated. To evaluate the thermal
simulation, the depth and dth of the molten pool were compared against experimental
data captured for a single clad deposition [79]. The predicted molten pool width and
depth were close to the experimental results for all examined cases.

width

1900 Cq width

200 C
(b)

Figure 4.14 Shape and dimension of the molten pool at the cross section after laser deposition
(a) simulated molten pool dimensions, (b) molten pool for scanning velocity 1250 23

The mean values of depth, width and molten area measured on the macrographs of the
s amp | e @extior theovaliges in the table represent an average of three measurements
performed on the same track sectidihe results of the comparison atabulated
summarised in Tabld.5, showing the calculated average measuremdsing ImageJ
processing software, all measurements were taken fromadtoerding relevant
macrographFigure 4.17(a)(c) displays the macrographs for the single clad track cross

section @posited using 958V, 750W and 550W, respectively. To define melt pool
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dimensions experimentally, a definitive microstructural change was found between as
solidified material and substrate, therefore, to compare against the analytical model,

liquidus-solidus (13361L260°) transition was used as discussed.

Table4.5 Melt pool dimensions of experimentally measured and analytically simulated.

Melt Pool Dimensions

950W Experimental Analytical Error
Width (mm) 2.016 1.61 20.14
Depth (mm) 0.695 0.78 10.90
Area (mm?) 1.03 1 2.91

750W Experimental Analytical Error
Width (mm) 1.829 1.39 24.00
Depth (mm) 0.66 0.68 2.94
Area (mm?) 0.761 0.769 1.05

550W Experimental Analytical Error
Width (mm) 14 1.14 18.57
Depth (mm) 0.78 0.58 25.64
Area (mm?) 0.6499 0.53 18.45

It can befound from Table 4.5 that the analytical method utilised for the design of
experiments and the sep of LMD in this section is aligned with the experimental results,
though the absolute values differ significantly cummalative error deviation of 28%,

34%, and 63% was measured when compared to the experimental measurements of melt
pool dimensions at 750W, 950W, and 550W laser powers, respectively. The agreement
between the analytical model and experimental outsaseatisfactory for mid and high

laser powers. The melt podépth and area had a cummalative error devation of ~4% and
~14% for the 750W and 950W, respectively.

4.7.2 Melt Pool Geometry: Experiment and Analytical Solution
By evaluating the experimentally captured melt pool dimengirons Figure 4.15using

a laser power of 550/, 750W and 95@V, the width of the melt pool increased from
1400um, to 180Qum and 2012um, respectively. This trend of wider melt pool
dimensions for higher laser power was aligned with the analytical model, but the model
underpredicted the experimental values by 18.5%, 24% and 20.14%, respectively. This
was expected due to the clad widtipeledence on the melt pool size. The expected
maximum depth was overpredicted when calculated by the analytical solution by
10.9%, 2.94% and 398 for laser powers 950/, 750W and 550V, respectively.

Both model and the experiement results were in a good agreement for the mid and high
laser powers. At the same time, it can be found that in case of the increased laser power,
the width of the melt pool obtained through the Rosenthal equation is muckrsimeati

the experimental but the depth profiles agree, se&igure 4.15Since the heat source

Matthew Ferguson 2024 Pagel22



ChapterFour Experimental Trails

is simulated as a point source as opposed to a Gaussian distribution-¢atatdished

shape of the heat source for laser additive manufacturing) the highly localised, uniform

energy input means that the heat is inherently focussed towards the cahwenadlt

pool, disregarding laser intensity behaviour and producing a deeper, narrower melt pool
[287]. Furthermore , temperature dependent material properties, mass accretion from the
powder material, heat convection and radiation,@mactconvection from the carrier

gas are all ignored in the Rosenthal equation. Thus, the depth of the melt pool is

overestimated while the width is underestimated.
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Figure 4.15 Melt pool dimensions comparing analytically derived versus experimentally
captured.

Remarkably, the lowest laser power resulted in a melt pool with the deepest penetration
and the narrowest width, meaning more energy was spent towards the centre of the laser.
This observation will be discussed extensively in the following section, which
investigates the melting regime. The analytical model, as predicted and experimentally
demonstrated, shows that the highest laser power produces the largest molten area, which
decreased with lower laser powers. The microstructural response will be exploetail

in Chapter 6, but it is expected that with smaller molten pool area, the rapid cooling rates
could lead to a finer sustructurei.e. variation in width of the elongated similar length
dendrites. As the absorbed heat in the melt pool dissipates from the boundary of the melt

pool to the surrounding substrate, an approximation of the cooling rate can be based on

the ratio of melt poovolume (my) to boundary area £5[288]. A small— would result

in faster heat dissipation to the substrate and hence, higher cooling rate during

solidification. Opposingly, a larger- would have a lower cooling rate. A comparison of

the simulated and experimentally captured cross section of the melt pool formed using a
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750 W laser power is detaileth Figure 4.16 By extracting temperature history

information from coordinates in the analytical solution, the evolution of microstructure
can be deduced. However, by decreasing the laser energy, tago begins to reduce
therefore higher cooling rates would be expecié@ analytical solution serves as a

valuable tool to capture the molten pool geometry and temperature history profile which

would otherwise be experimentally difficult to attain.

1800

(Do) amyerdduay,

200

Figure 4.16 Comparative molten pool dimensions (a) analytical solution and (b)
experimentally captured using 750W @V analytical width, w = experimental width, d=
depth, m = molten area ands= surface boundary)

Upon reviewingTable 4.5and as indicateth Figure 4.15the maximum penetration
depth predicted by the analytical solution satisfies the experimental measurements for
high (~11%) and mid laser powers (~3%) but signifcantly underpredicts the lower laser
power (~25%).Finally, upon examining the volume of molten material above the
substrate interface irigure 4.17it is apparent that the 95U laser power configuration
exhibits a significantly greater amountrablten material above the interface, resulting

in a thicker layer deposition and a highemergy expenditure above the interface.
Considering the dilution ratio, as discussed earlier, th&\b&&er power is characterized

as overdiluted, potentially leading to inferior mechanical properties along the interface
but does have a textbook melt pool shape. Moreover, from an economical, productivity
and sustainability point of view, the 580laser power would produce layers with smaller
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thickness and therefore the process would require more material and layers to reach the

desired component geometry.

~350pum

Figure 4.17 Crosssection macrograph of Single Clad Tracks deposited using (a) P=950W,
(b) P=750W and (c) P=550W&can speed = 10mm/s

Unlike observed trends in several studies [79,83], where higher laser power resulted

in increased penetration depth and dilution, this investigation found that, during the
deposition of IN718 single clad tracks, the maximum penetrative depth decvatised
higher laser power. Contrary to the expected outcome based on previous publications, an
increase in laser power did not lead to prolonged energy transfer to the substrate, causing
the formation of deep melt pools. This contradiction will be addressta: following

section.

Overall, the molten area which considers both depth and width strongly agree with
experimental results and the trend is well captured, therefore justifying the use of
analytical solutions as a quick implementation of melt pool geometries and temperature
profiles. To improve the accuracy of the analytical model, an exploration into laser
efficiency and absorptivity of material can be carried out. Additionally, the Rosenthal
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equation overlooks factors such as temperature dependence of the material, surface
convection, radiation, and forced convection from the carrier gas. Consequently, the
depth is overestimated, and the width is underestimated. However, the finite element (FE

model developed in this project aims to address these limitations.

4.7.3 Melting regime under varied LED levels
Figure 4.18schematically illustrates the anticipated depth profile in comparison to the

observed melt pool profile for the 750 specimen. The black dashed line delineates the
observed periphery, while the blue dashed line delineates the expected melt pool depth
profile. Although the fluid dynamics of the melt pool is beyond the scope of this project,

a general appreciation is cial to further investigate the dynamics of melt pool

formation.

The higher energy intensity at the center of the laser beam leads to an increase in surface
temperature of the melting metal, causing larger recoil pressure on the melt pool, which
can result in a greater surface depression in the area. This depressgated woth higher
temperatures at the central zone of the melt pool, serves as a driving force for melt pool
penetration, resulting in an increase in melt pool dgfh It would be expected with

that the increase in laser power would result in a greater depression depth based on the
volume of localised energy, instetidvas observeéxperimentally that the depths (mm)

decrease with increasing laser power but form wider melt pools.

To understand this phenomeritie driving forces in the melt pool and their effexist
be analysedas depicted ifrigure4.19

Figure 4.18 Crosssection of single track deposited using P=750W (N.B. Black dashed line
displays the experimentally measured depth profile, blue dashed line displays expected depth
profile)

In the liquid melt pool generated during laser additive manufacturing, four primary forces

govern fluid flow: buoyancy forces (originating from spatial variations in ligoetal
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density), Marangoni forces (originating from surface tension gradients), shear forces
(originating from lasegenerated vapor or plasma), and grayZ§9]. These driving

forces, along with their interactions, collectively give rise to intricate flow patterns within
the melt pool. The buoyancy forces are generated from the spatial variation of liquid
metal density, primarily attributed to temperature fluttues and, to a lesser extent, local
compositional variations affecting density as a function of material temperature. The
material's density decreases with increasing temperature due to phase transformations,

adhering to fundamental principles.

The temperature gradient within the melt pool, with higher temperatures at the upper
region compared to the bottom, induces upward movement due to buayrarey
convection (whereby the higher temperatures in the upper region led to a lower density
in that portion of the liquid metal). However, the buoyancy effect is deemed negligible in
comparison to the dominant Marangoni forces in laser md&®@). Marangoni force,

also known as thermocapillary, plays a pivotal role in laser additive manufacturing,
generating shear force at the free surface and driving convective flow within the melt
pool. The temperature gradient is identified as the primaryrdoivituid flow in alloyed
materials. As the highest temperature, located at the centre of the melt pool, decreases
rapidly, it results in a surface tension difference, inducing an outward melt flow. It's
important to note that while buoyancy contributethie upward movement, other forces,

such as the Marangoni force, play a more significant role in laser melting.

(® Welding direction
Laser beam

’ . )
+ Recoil
¢ Pressures,

il

Marangoni Force

Melt pool— / Quovancy

Gravityll
Mush zone
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O] Substrate
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Figure 4.19 Driving fluid forces acting on the weld po¢289].
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Exploring fluid dynamics and driving forces influencing melt pool behaviour lies beyond

the scope of this project; however, it is important to understand the factors impacting melt

pool convection can be briefly categoriZ289]:

vi.

Laser related parameters: The energy density significantly influences the
temperature field and material evaporation. Higher laser power results in larger
temperature gradients, leading to higher surface tension and more intense radial
convection. Increasklaser power enhances recoil pressure, pushing the centre of
the top surface of the melt pool downwards. At the highest laser powers, the
significance of recoil pressure vs Marangoni forces diminishes results in
shallower penetration depth as the molteaterial is pushed along the thickness
direction.

Scan parameters: Depending on the laser velocity, the temperature gradient in the
front side of the melt pool is much steeper than the trailing edge. Thereby reducing
the scanning velocity will increase the interaction time and thus, peak
temperature, leanlg to stronger Marangoni fluid convection and larger melt pool.
Increased surface tension: The higher laser powers lead to an increase of
temperature gradient within the melt pool arising to a higher surface tension. This
tension will resist the penetration of the molten material into the substrate.
Gas/powderelated parameters: The blown powder particles with low
temperature impacting the melt pool will change melt pool temperature field and
in addition, the impact force may affect the flowability and penetration of the melt
pool i this is where fusd particles were seen in the melt pools of higher laser
powders meaning expended energy fusing the blown powder.

Evaporation effects: At higher laser power, the intense energy can lead to
increased ablation and vaporization of the material. This can result in more
pronounced ejection of material from the surface, affecting the depth of the melt
pool due to the matei undergoing melting and penetration to substrate.

Laser beam profile behaviour: Although the laser beam profile was calibrated
prior to the deposition using a beam profiler, ithsitu stability behaviour of the

laser is difficult to monitor and adjust. The shallow penetration behaviour seen in
middle of the melt pool for the trial under 988 (Figure 4.2(, compared to the
edges could be linked to the changing melting regimes from the preferred
conduction to keyhole mode causing extensive energy conduction and absorption
towards the edges and loss ofyaer to the middle of the melt pool. A proposed

feedback system would be to incorporate Fsgked thermal IR/pyrometer
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camera to show transient melt pool shig84]. Current laser powder bed fusion
(L-PBF) machines have a suiteiofsitu process monitoring capabilities such as
QM coating module for Concept Laser GmbH, LaBewerMonitoring (LPM)
for SLM Solutions Gmbh or InfiniAM for Renishaw PLC machines. These aim
to provide operational behaviour of the laser to aid in early potential fault
detection[292].

vii.  Excess blown powder: By increasing the molten pool area due to the increasing
energy density, excess blown powder could absorb the energy needed to produce
a more uniform depth profile and caused partially melted powder to fuse

sporadically across the pereter of the melt pool above the substrate interface,

demonstrated blfigure 4.20

Figure 4.20 Fused partially melted powder with P=950W.
4.7.4 Conclusions of Analytical Model
While the Rosenthal solution offers insights into melt pool characteristics, its applicability
to model repetitive thermal cycling is constrained by the necessity for an initial steady
temperature condition, which is not characteristic of LMD procd29&3% Nevertheless,
the analytical model in general effectively captures the impact of increased energy
density, illustrating the formation of a larger melt pool in both width and depth and the
consequent experience of diverse thermal histories. Subsequkathgsults pertaining
to melt pool configuration will be directly incorporated into the LMD setup to construct
thin-wall and solid block components, simulating laser repair on ssoalé

demonstrators.

The threedimensional (3D) Rosenthal solution provides a fundamental but very basic
understanding of the relationship between process variables and associated thermal
conditions at solidification. However, only analytical, or semalytical models are
corsidered applicable due to their efficiency when compared to more advance Finite

Element of Fluid Dynamic models. Utilizing analytical models for temperature
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distribution prediction and melt pool width allows for efficient optimization of process
parameters, such as laser power and travel speed, with minimal cost and time investment
[294]. Analytical models serve as indicative tools for comprehending thermal conditions
associated with various process variables. Nevertheless, their limitations, including non
temperaturaependent properties, semfinite substrate characteristics, and reetjlof
boundary conditions with an infinitely small heat source, highlight the advantages of
experimentally validated numerical models, such as the Finite Element Model proposed

in Chapter 5.

After the singletrack analytical models, an examination will be conducted across the
interface to ascertain the establishment of a robust metallurgical bond under the selected
process parameters. Additionally, the stability and structural integrity ofwied
components, constructed from multiple successive layers, and solid blocks will be

analysed.

4.8 Interface Assessment and Fabrication Imperfections using Single
track deposition.

The process parameters were selected by reviewing published literature and analytical
models aiming to obtain defefree builds interface joints and strong bonding. Based on
the literature and expertise within the area, it was decided that the procaseteas

would vary in laser power in 200/ increments from 55@V, acting as a low power
scenario, to 750V, being a moderate laser power, up to ®seing a high laser power
scenario for depositing material. Other process parameters were kept cons$tgnvas
deemed most influential to the interface joint layer cohedioroptimise the process, the
overlap was kept at 10% for all three laser powers as this would inherently use much less
material, energy, and time, which would result in a more economically viable and
sustainable application for repairing and remanufagjurof IN718 aerospace
components. By limiting the process parameters, the study was focused on the direct
correlation between laser power and bond integrity through the close examiogti
interface thermal history, and hence the evolution of microstructure, mechanical

properties, and residual stresses in this critical region.

4.8.1 Single track dilution ratio
One of the primary objectives was to determine suitable values for these process

parameters through an investigation of the metallurgical bond between delivered powder
and substrate. Conventional metallography techniques on laser track cross sections

facilitated measurement of track dimensions (height and width) and dilution values. Melt

Matthew Ferguson 2024 Pagel30



ChapterFour Experimental Trails

pool dimensions are highly sensitive to process parameter variations, necessitating a
thorough understanding of their correlation. In repair applications, dilution ratio is crucial,
representing the extent of mixing between track and substrate matedhlsviAg an
optimal dilution is essential for preserving the chemical composition and homogeneous
properties of the coating material. Geometric dilution is influenced by deposit height and
depth, while chemical dilution corresponds to the enrichment ofegits diffusing from
substrate to deposit layer [85]. Accepted dilution ranges between 2% and 10% is generally
desirable, which can be controlled through the laser power, shape of the laser beam, focal

beam diameter and powder [2©5].

h
I I h : h Deposition

I Substrate
o]
d

(a) (b) (c)

Figure 4.21 Dilution zones (a) zero penetration occurred (d=0) meaning lack of fusion and
very weak/ no metallurgical bond (b) optimal level of dilution (region 61@%) (c) high level
of d, leading to key holing effed295].

A minimum dilution zone is often a prerequisite to optimising process parameters
whereby an investigation into the dimensionless value of metallurgical bonding takes

place. Dilution can be defined as:

Equation 4.3 Dilution relationship
o o

Q Q

Where d is the depth of penetration below the substrate/bond interface and h is the height

of the material depositedrigure 4.2). The energy required to establish the right size of

melt pool bond will fluctuate dependent on laser power, scanning speed, powder feed rate

and size of focal beam diameter. A low energy density or high powder feed rate may

result in lack of fusion betweedhe layers, on the contrary, a high energy density or low

powder feed rate contributes to a high dilution, initiating the key holing phenomena.

Optimum dilution is important as mentioned, but physical defects such as porosity and
hot cracking must also be considered because their appearance can lead to significant
decrease in mechanical properties across the interéggen. Figure 4.22 shows the

influence of laser power on dilution ratio for the cresstions of single deposited tracks.
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Figure 4.22 Crosssectional view of single clad tacks deposited using (a) 550W with
schematic measurement technique, (b) 550W, (c¢) 750W and (c) 950W.

4.8.2 Deposition Quality Acceptance Criteria

The quality of the depositions produced in the experimental trials was assessed against a
set of welding acceptance criteria from several international standards on welding as
illustratedin AppendixA.A key i nt er n a TheAmmeachn Weldiagrsociety d i
Standard, AWS D17.1:2001296] the laser metal depositions were subjected to a
rigorous check. Other standards, include the European standard, BS EN ISG 13919
1:2019[297] it was developed for generic electron and mesam welded joints for steel,

nickel, titanium, and their alloyBS EN 12932whichwas developed for lasarc hybrid

welding of steels, nickel, and nickel allgy298].

Different welding imperfections are characterised in the standard 1SG163207[299],

that classifies geometric imperfections in fusion welding metallic materials as described:

1 Cracki Imperfection produced by local rupture in the solid state which may arise
from the effect of cooling or stresses. These can be further categorized into:
- Longitudinal crack = crack parallel to axis of the weld
- Transverse crack = perpendicular to axis of the weld
- Radiating = cracks radiating from common point
- Crater crack = fracture at the end of a weld
- Connecting = cracks that branch from common region
- Microcrack = only visible under microscope
1 Incomplete fusion and penetration: Lack of unity between weld metal and parent

material
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1 Porosity: Gas cavity formed by entrapped gas essentially in spherical form
1 Inclusions: Solid foreign object substance entrapped in weld metal
1 Undercut: Irregular groove at a toe of a clad track in parent material or weld
material
Shrinkage groove: Undercuts visible on each side of the clad track
Underfill: A channel in the surface of a weld due to insufficient deposition

Root concavity: A shallow groove due to shrinkage of a butt weld at root

= =/ =4 =4

Excess weld or penetration: Excess weld metal protruding through the root of a
weld

1 Burn through: collapse of the weld pool resulting in hole in the weld.
Porosities and undercuts, being stress concentrations, demand standardization limits.
Undesirable features like shrinkage grooves, underfill, undercut, and root concavity pose
risks for components under dynamic loading, acting as stress concentratavisiainyi
fatigue cracks. Tailoring process parameters for each deposition is crucial to avoid
excessive penetration and undercut which is especially challenging in repairing thin
workpieces like turbine blad¢300].

Table 4.6 Weld quality assessment criteria from Table | applied to IN718 single track

deposited under range of process parameters as defined by AWS D.17.1, BS EN ISG113919
and ISO 652601:2007[296], [297], [299]

Laser  Width Track Track  Dilution Qualities Imperfections

Power of Height  Depth ratio
w) track (um) (um)
(um)

No cracks present includin¢ Overdilution

micro-cracks. Por osi tmy, medddrél @pproy

Complete fusion %5 max)

Complete penetration Porosity spacingi Class B AWS

No burn through Standards

No presence of inclusions Excess pen entmrCalbl)
750W 1810 210 361 64.9% | No cracks present includin( Overdilution

micro-cracks. Excess pen ertmrCalbt)

Complete fusion
Complete penetration

No burn through

No presence of inclusions
No porosities present.
950W 2016 430 265 38.1% | No cracks present includin( Slight Overdiluted

micro-cracks. Por osi tmn, mea3dred approx
Complete fusion %% max)

Complete penetration Porosity spacingi Class A AWS
No burn through Standards

No presence of inclusions Excess penetrati
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Quantitatively, dilution is computed as the ratio of molten substrate to molten material
during the cladding procesBable4.6revealsthat the reduction in laser power increases
dilution ratio. In all power cases, observations note partially melted powder fused to the
single clad and pores in the-20 um region, induced by the shielding delivery gas.
Despite excessive dilution in both 580and 750/, this study prioritizes microstructural
evolution, crystallographic texture, and residual stresses, warranting further investigation
due to the observed good metallurgical bond. High dilution is reported to induce keyhole
porosity[50], but the 950V case, exceeding 30% dilution, maintains strong metallurgical
bonding without keyholénduced porosity. Contrarilythe optical microscopyreveals
robust metallurgical bondind=igure 4.23, with no lack of fusion or keyholmduced
porosity and substantial intermixing of substrate and deposited powder. Thus, despite

dilution ratios of higher than 30% no keyhole porosity or internal pores were detected

Figure 4.23 High power, P=950W singlelad crosssectional interface detailing no keyhole
induced porosity

In these trials, though keyhole porosity was absent, excessive dilution compromises the
preservation of the original chemical composition and homogenous substrate/coating
properties. SEM examination of the interface region for single deposited trackls revea
microstructural details captured directly at the depwositkpiece interfacéFigure 4.24.

The dark and gr ey ar e gbaseswhieihe bright whitegphaseu s t
represents the interdendritic Laves phase growing perpendicular toepusittbn

direction and parallel to the build direction. An enhanced microstructural study is
completed in Chapter 6.
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HV mode [mag @ [spot| WD pressure | :26[1
20.00 kV|Z Cont| 1 745x | 4.5 |10.0 mm | 4.55e-5 mbar

Figure 4.24 Interface region of singleclad track deposited using 550W.

During the deposition process, the sequential between extreme heating and rapid cooling
rates experienced at the interface region can introduce expansion and contraction of the
surface material. As a result, cracks, warp, and delamination can occuitlaernogsface

region when the thermahduced transient and residual stresses lead to excessive plastic
deformation. Under closer examination, the interface between single clad track and the
substrate did not present any evidence of warping, cracks, macksc swelling or

delamination which could have been generated from thendated stress.

The substrate displayed high volumes of primary carbides which form during
solidification. At 1280°C, as the temperature drops, the carbon concentration in the
remaining liquid increases, surpassing the solubility product of NbC and initiating the
precipiation of NbC[301]. The fusion zone obtained very minimal to no presence of
these precipitates. The appearance of carbides (depicted as yellowlgkguarenations,

as shown irFigure4.25 within the melt pool area of the initial layer suggests significant
metallurgical blending between the substrate and the deposited material. This occurs
when carbides from the substrate migrate into the melt pool, facilitated by the turbulent
convectivefluid dynamics generated during the formation of the melt pool. These flows
enable he movement of carbide precipitates within the cs®sgional area of the melt

pool.
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Figure 4.25 (a) Single track cross sections for 750W laser power showing the presence of
primary carbide phases present at the ligtgdlid interface.

In conclusion, the chosen process parameters meet the fusion welding standards outlined
by both the American Welding Society and ISO BS EN for IN718 deposition. Single
welds exhibited complete fusion with laser powers adequately penetrating to form a melt
pool. Optical and SEM inspections revealed no defects along the interface. The 950W
sample, with the lowest dilution, proved most suitable in this case, minimizing excessive
mixing of substrate and deposited material. Conversely, th&/758mple exhibited no
porosity in three examined locations. Nevertheless, in both specimens, the melt pool
profile exhibited an anomaly where the middle portion displayed atypical penetration
behaviour. The 550V sample exhibited excellent melt pool profile with a conduction
melting regime but excessive dilution. Nevertheless, all single clad tracks meet the
welding quality criteria and now, the focus is shifted to the fabricateehthiled samples

and solid blaks to gain a comprehensive understandintp®thermal history.

4.8.3 Interface Assessment and Fabrication Imperfections using Thin -walled
depositions (Stage II).
The objectiveof these 5 and Hayer depositss to comprehend short dwell times and

continuous cyclic thermal exposure with lageldition on the interface microstructure

and crystallographic texture. The continuous heat input from successive layers initially
expanded the melt pool, successfully fusing blown powder tBigufe 4.2¢. Short
intervals between layers facilitate comparisons of shortened cooling time and evolution
of crystallographic features. Furthermore, as the surface deviated frommthr@hplanar
geometry and displayed a wavy rough surface finish, there were evidence of inconsistent
powder delivery and warp induced by thermal gradig3ag].
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Figure 4.26 Thin-walled samples fabricated using P=750W (N.b the red arrow represents a
single track, the green arrow representddyers, and the blue arrow represents-lyers

The growth of the multiple piled track deposition was uncontrollable, showing strong
deterioration due to the presence of powder particles stuck along both melt clad surface
and track borders. This instability resulted from high powder feed in a minimigéd

pool region and continued subsequent laser power. Such track deterioration becomes
critical in successive depositions, impeding constant laser/substrate interaction and
leading to issues like porosity, lack of fusion, and unstable melt pool form&tioen

the implications for build quality, the interface metallurgical bond will be assessed for
potential adjustments to machine configuratidrigure 4.27details the interface region

for the successive-5and 10layer deposition withFigure 4.28revealinga higher
magnification inspection ahe metallurgical bond across the interfadgch remaired

defectfree with no prevalent sign of lack of fusion or pores across this region.
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Figure 4.27 Optical microscopy for the thirwalled deposits using 750W power for 10 layers
(left) and 5 layers (right).

Although the subsequent builds deteriorated, the concept of developing a strong
metallurgical bond at the interfacemainedFigure 4.27andFigure 4.28act as evidence

for the development of thiwalled builds, showing that the region of interest remains
stable with strong laser/substrate interaction and formation of joint layer. An optimization

study for thinwalled samples would be essential to produce homogenous layers.

Figure 4.28 Closer inspection of the metallurgical bond for thiwalled samples using50 W:
(left) Optical micrograph of Slayer and (right) SEM image details the bond between
substrate and interface for Hayer.

A recommendation is to implemeirt situ monitoring, utilizing an IRcamera and/or
pyrometer[303], [304] to observe the melt pool size and morphology. Subsequent

adjustments to the powder delivery rate or laser power, such as reducing laser power or
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powder delivery as layers progress, can prevent warping. Future work for this
investigation involves refining the already established initial joint and tailoring the Laser

Metal Deposition (LMD) process configurations to enhance build quality.

4.8.4 Interface Assessment and Fabrication Imperfections using Solid -Block
Depositions (Stage IlI)

The selection of process parameters prioritized the overall mechanical performance of the
full build; therefore, defeefree solid blocks would be advantageous. However, the
primary focus of this investigation is to ascertain the influence of processqiararan

the joint layer region. Consequently, the assessment of build quality above the interface
region lies beyond the scope of this project. The investigation will delve into the thermal
response concerning microstructure, texture formation, and a¢sithess across the
interface region as laser power varies from low to high. Recommendations will be
provided as conclusiveemarks.Figure 4.29depids an optical micrograph of the full

build (10 layers of 10 adjacent tracksrosssection fabricated using a higher laser power

(P=950W), highlighting the presence of defects, primarily in the form of pores.

Figure 4.29 Cross section of high laser power (P=950W) full solid block made by stitching
multiple optical micrographs together

Tracks 1 to 10 were deposited from left to right which include some large defects within
the build. Pores of 16880 um in size with spherical shape are located at the starting
point of the deposition process, at the edges of the melt pool and towatdg tidhe

build. These large pores were detected at one locatiordeeotien, but smaller pores

were observed throughout the crsgstion indicating that larger pores may be present at
the interface, middle, or right end of the blocks at a differegtion. Porosities existed

as both interlayer and intralayer porosity. Pores located at the melt pool edge between
adjacent tracks occur in case of inadequate fusion or incomplete deposition of the material
during the LMD process. This defect can be ttseilteof insufficient heat input related to

poor process parameter selection. Intralayer porosity is linked with the use of inert

shielding gas deposited during LMD which promotes gas entrapfiease pores are
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usually spherical in shape, occurring at random locations throughout the build within
regions of lower solidification ratege., top of the build owing to vaporization which
leads to gas trapped porosities, though smaller pores distributed throughout treenduild

a large pore was even present at-tméijht of the second tth in Figure 4.29

Although high amounts of pores were found within the built component, when analysing
the interface by optical microscopy there were no other obvious defects, i.eof-lack
fusion, or thermal cracking caused by the extreme thermal gradient differenca. Repai
applications designed for high stress applications should be fully dense andreeféat
optimise mechanical performance and minimise part failure during service. Although the
main scope of this work was to investigate the interface region, it ifwiuie to note

that the presence of such pores is undesirable and requires further investigation and
process control systems to optimize parameters for reducing porosity or additional
manufacturing steps such as hot isostatic pressing which has beersstuagay to
improve mechanical properties by pore clog8a5], [306]Moreover, the entrapment of
smaller porosities (<10 um) could be introduced by internal porosity included in the raw
material powder being deposited. Noniform size distribution of the powder will give

rise to more porosity in the final build, whichdacertain extend is the case for the used

powder.

Nevertheless, the successful deposition trial achieving the target build geometry and
metallurgical bonding under high laser power (980 acted as incentive to further
optimization ofthe process by keeping a low overlap fraction. A 10% overlap fraction in
all three process parameters significantly reduced the volume of powder and energy
consumption during fabrication, resulting in minimized excess powder waste compared
to higher ovedp fractions ranging from 380% [75], [307], [308]or even up to 70%

[309]. This reduction in laser power amdaintainingthe overlap fraction as low as
practically possiblevas aimingto greatly reduce environmental impact and improve
sustainability by increasing powder utilisation, reducing energy consumption, and hence
reducing cost of production and lead times. Furthermore, Mingraing d68]. 6 s
investigation demonstrated that higher overlap fractions led to the formation of an
increased size and volume of the detrimental Laves phase in interdendritic boundaries,
resulting in brittle, Nkrich areas that exacerbate the opportunity for the formation
precipitated phases of 2006/ 2060. Unf ortuna
depictedin Figure 4.30 resultedin lack of fusion in both mid and low laser power

scenarios.
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Figure 4.30 Lack of fusion between adjacent tracks for (a) 750W and (b) 550W

Upon further investigation, the lack of fusion between adjacent tracks measurgahw100
ande ¢ Tt A hfor the 750W and 5500, respectivelyln the 750W specimen Eigure
4.30@)), the lack of overlap was obliterated in the following successive layensend

only present in the initial first 3 layers. This could be a result of the melt pool flow
behaviour of material and coulte classed as forming consolidated builds with minor
process alteration. In the 530 specimen Kigure 4.3Qb)), the lack of fusion was
progressively worse from the interface towards the top of the uddowrong overlap
calculation/setting in the machine. Nevertheless, the microstructural evolution and
temperature evaluation will be focused on the interface from the substrate zone to the

fusion zone with emphasis on the centre of the melt pool where complete fusion occurs.

This lack of fusion defects occurred in the mutigéick, multilayer clad sampledue to

the process parameters, i.e. overlap were not sufficient to produce a solid component.
With respect to remanufacturing and repair treatments, these build defects would be
detrimental to mechanical properties and would inevitably lead to rejection obtke w
indication that manufacturing parameters were not optimized successfully as opposed to
the actual cladding parameters. However, as the interface region reméatatieerest

for the project, no microcracks, pores or delamination occurred. Characterising the
evolution of microstructure and residual stresses across the interfacewéhimrovide
valuable information on the influence of laser power in interface properties and

characteristics.

4.9 Chapter Summary

LMD IN718 demonstrates commendable processability, exhibiting a notable absence of
detrimental failures in the interface regions. This investigation is centred on analysing the

temperature history experienced by the interface region throughout the deposition

process, utilizing a diverse set of process parameters. Employing material and machine

parameters derived from existing literature, various interfaces were successfully
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deposited for both single, thimalled, and solid block components using low, medium,

and high laser parameteiidie main findings from this chapter are:

1.

The analytical model demonstrated the effect of varying laser power on melt pool
formation. The dimensions of the melt pool with respect to melt pool area was in
good agreement with experimentally measured values and the depth of the 950W
and 750W was predicted within 11% of the experimental results. However, due
to limitations of the Rosenthal solutidhere were extensive under predictions of

the width of the melt pool in each laser power. Although, the trend of decreasing
laser power resulting in a mawer melt pool with less penetration was captured
well. The analytical solution can be implemented as a quick, inexpensivetguide

understand melt pool formation with respect to laser power.

. In each specified condition, the melt pool consistently met the required standards

for metallurgical bonding and welding, avoiding the generation of solidification
defects along the joint layer. However, it is noteworthy that the resultant
solidification defects in subsequent builds demand further optimization and
additional manufacturing steps, which fall beyond the purview of this project.
Given the successful intermixing of substrate and deposited material without the
occurrence of macro and micro defects in the interface region across all three
process conditions, a comprehensive investigation into microstructural evolution
based on thernhaesponse is imperative.

Crosssections of the entire builds presented defects observed throughout the build
in the form of interlayer and intralayer defects. However, the interface region
remains the focal interest for the project, no microcracks, pores or delamination
were observed

While instances of lack of fusion were observed between adjacent tracks in the
medium laser power setting, the overlap in subsequent layers proved adequate for
successful fabrication. Conversely, the lower laser power setting consistently
exhibited lack ofusion between adjacent tracks. To address this, a recommended

increase in overlap by-50% would suffice to achieve metallurgical bamgli
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Chapter 5. Thermal Modelling of the LMD repaired
application: Modelling and Validation Techniques

5.1 Introduction

An experimentally validated simulation is a powerful tool for understanding temperature
history in additive manufacturing. Additively manufactured parts often exhibit complex
microstructural evolutions due to cyclic thermal behaviours, a critical undeirsgaior
predicting the evolution of microstructure is essential. Experimental characterization of
such thermal profiles is costly and challenging due to equipment limitations. In this study,
3D thermal models for laséyased deposition were developed. Tiermal model was
validated experimentally using thermocouples and metallography. The validated model
aids in correlating process parameters with temperature development, is cost efficient
when compared to experimental trials. Models were created using Bé&ware
Simufact Welding 8.0 with slight variations for laser powers to accurately predict

complex temperature profiles

5.2 Modelling Approach

The deposition process-ewasmemodedlelcdhad i gwien
the molten powder addition by activating elements transiently based on moving heat
source location. In this method, the first steps include the thermal and mechanical
properties of the goriori deposit geometry being significantly scaled down by a factor
making all material properties negligible (quiet state). As the propagating heat source
aligns with the elements constituting the deposition process, they are activatste g

by-step approach via elemepitth formulation. This technique, as described in the
literature review, involves two steps: the virtual bounding box surrounding the heat
source geometry activates the quiet elements and nodes thermally once ingdieract

box. As the nodal temperature reaches the melt point, the mechanical properties are scaled

up to full stiffness.

The basic principle in this technique requires the filler elements to have an extremely low
thermal conductivity and as these elements experience a significant increase in
temperature from a direct external power source, their material properties aredresto

Implementing this technique involves the following computaf8i0]:

Equation5.1
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Where R« and Ruie represent generic material property in active and quiet state
respectively,r is the activation function depending omnaf that is the maximum
temperature experienced by the element from the start to the current simulation time. An
activation function transition is dependent on a temperature range, rather than a specific
temperature value to avoid simulation convergence iSue activation starts and end

temperatures are set to the material liquidus and solidus temperature, relypective

The Direct Energy Deposition modelling approach is slightly different to the conventional
approach as previously explained, all elements except the first element set are deactivated
at the beginning of the simulation (deactivated elements are no longef tree matrix
solution). As the second layer begins to deposit, the next element set is switched from
deactivated to quiet state and then calculated, using a hybrid approach.

5.3 Thermal Modelling Equations

Conservation of energy is key in thermal analysis for deposition. In this context, stress,

strain, and displacement are disregarded, focusing solely on energy. Heat transfer in DED
involves convection, conduction, and radiatidepicted in Figur®&.1. Energy from the

laser is absorbed, lost through melting and various forms of heat transfer, with a minor
heat gain from solidification's latent heat. The simplified energy transfer process is

outlined below

Equation5.2

0 V] V) V) V] V)

Where the QorediS Stored energy in the material expressed as

Equation5.3
b 1Y
0 o0 —,
10
Wher e } i s the de¥ Giistspecific heat roapacieyr(W/geClsis ( k g / 1
volume of deposit sample @n T is the current temperature (K) and t is time (s).

The energy directed into the melt pool varies based on factors like the additive process,
work envelope, substrate, and feedstock.pfd represents energy supplied to the

deposition surface, calculated as the product of laser power (P), laser efficiency (e),
absorption rate (92), a nMdcountied for inadant enérgye n t

losses during deposition, the actual energy reaching the melt pool is computed as
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Equation5.4

0 -&), where d=e. 2. b
The energy lost via conduction can be written as

Equation5.5

T T

0 O 0@ 0 - = _ =
T ® T ® T a

Wh e r e maKYJ is¥hermal conductivity of the material.

During the welding process, boundary conditions are defined as heat exchange between
substrate, molten pool and surrounding environments which includes heat contact
conduction between supporting fixed clamp fixtures and substrate, convection between
air ard build envelope and liquid in the melt pool, as well as radiation from build envelope
and melt pool to surrounding ambient atmosphere. Heat losses are imperative to the
accuracy of the model and will be applied during the welding process, thereforesiseat |
due to convection of the weld plate and air in5lbg The convection and radiation
formulas can be written §311], [312}

Equation 5.6
0 Q0 Y Y
and
Equation5.7
0 - P Y Y

where R is the convection coefficient, Ais the heat transfer areag iB the current

temperature of molten poolHis ambient temperaturej s emi ssi vity of
is StephefBoltzmann constanb@ op T —8) and therefore the above equations can

be written as:

Equation5.8

1Y 3
& TT—b & _On B Y'Y - H Y Y

C

Defining the interaction between laser energy supplied and surface area of the material,
(denoted as laser spot diametey;, the heat flux is calculated. Hence, the total energy

supplied per element can be distinguished as:
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Equation5.9

0 —QOT,
Therefore, the boundary condition for the top surface elements where the deposition is
carried out can be given as:

Equation5.10

0 OnY B Y Y - p Y Y D

And for the other surface elements where the only heat loss conditions are via conduction,
convection, and radiation:

Equation5.11

oYy " Y Y O -0 Y Y T

For the initial condition, the temperature is selected as ambient temperaiuge T

Equation5.12

Yoohot Y

Therefore, equation 5.8 can be solved using the above boundary conditions (Equations
5.9 to 5.12) to predict temperature profile.

Qconvection

Figure 5.1 Schematic illustration of DED process to show configurations, heat input and heat
losseqd313].

5.4 Mesh Sensitivity Analysis
A mesh sensitivity analysis ensured thermal results' independence from mesh size, while
a convergence study optimized mesh refinement for accuracy. Increased refinement raises

degrees of freedom (DOF) but extends computational time. A convergence study
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confirms FEA model solution convergence, justifying mesh independence and avoiding

excessive refinement

Mesh convergence utilized the single clad track experimental approach with coupled
thermal history data. The model covered 50% of the substrate, measunmg {4) x

24mm (Y) x 23.7mm (Z), enhancing computational efficiencysregarding unaffected
elementsThe substrate mesh was partitioned into zones for refinement. Zones 1, 2, and
3 represented the deposited, affected, and outer regions. Biased meshes were applied to
the base plate in the Z directidfigure5.2)

Figure 5.2 Partitioning strategy of substrate for single deposited analysis.

The elements number and therefore DOF were increased from Cases 1 to 4, with case 4
obtaining the highest number of elements at greater refinement and case 1 meeting the
minimal requirements as per Simufact welding software protocol for the double

ellipsoidal heat source, as seen in Figbu3$314]:

1 2-4 elements over the width (b)
1 3-4 elements over the length faa)
1 2-3 elements over the depth (d)

Figure 5.3 Goldak Double Ellipsoidal Heat Sourci15].

The dimensions of the heat source model (width (b) and depth (d)) were extrapolated
from the single track deposition Trable4.5 and the front length {pand rear length (a

were taken as 0.6 x (b), and 2 x (b), respectively, according to the information provided
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in Simufact[314]. This ensured the laser power influence on melt pool dimensions was

accurately captured and experimentally defined.

A high-quality mesh must be considered in zone 1 because the material in the fusion zone
and heat affected zone will experience high temperature gradients, a denser mesh will
capture the profile and a coarse mesh could lead to an inaccurate represehtagon

heat source shape and thermal distribution. To analyse the convergence for accuracy, the
captured temperature profile variation, and the number of elements in all three coordinate

directions was increased to verify mesh sensitivity study.

Linear brick elements with 8 nodes (DC3D8) were chosen for the structured mesh, while
quadratic elements with 20 nodes (DC3D20) were not considered due to marginal
accuracy gains and significant computational time incrgd$d, [317] Mesh details are
summarisedn AppendixB, indicating refined zones. Computational time for a single
weld pass grew with refinement; case 4 was 32 times morecim&uming than case 1.
Given the complexities of multrack, multilayered solid block deposition, such high
refinement requires sutastial justification. The finest mesh (model mesh 1) was selected
as the reference for its accuracy and node/DOF count.

The temperature histories were extracted from the thermal model at five different
positions in the migection of singldrack deposition. Temperature positions were
selected to evaluate temperature change across X, Y and Z directions with P3 being an
exad representation of Thermocouple T10 used for comparison basis. Particle placement
(data extraction pointfor extracted thermal data were P1 (24.4, 12,73, 23.7), P2 (24.4,
12.73, 21.7), P3(T10) (25.73, 12.73, 19.75), P4 (22.4, 12.73, 23.7) and P5 2034, 1
23.7). Figureb.4 details the schematic of particle placement with respect to the substrate
top surface (Figur.4(a)) and cross sectional (Figus&(b)). The model with the finest
DC3D8 elements towards the interface region were expected to provide the most accurate
reading due to containing the highest number of nodes and degrees of freedom, therefore
the simulation with Mesh 4 will be used as a refice model.
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(@) (b)
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Figure 5.4 Temperature history data collection points Flfor (a) Top view and (b) cross
sectional view for single deposition.

Temperature histories were extracted from thermal models-B5P&nabling a direct
correlation between accuracy and computational cost assessment. Mesh variations
yielded similar peak temperatures and thermal trends, with only minor discrepancies.
Figure5.5 compares simulated temperature profiles for P3 and experimental data from
T10. Accurate simulation capturing thermal history is crucial, especially in regions with
extreme thermal gradients affecting microstructural response tied to peak temperature,
thermal gradient, and cooling rates.
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Figure 5.5 Temperature histories for case study mesh 1 to 4 for single weld analysis in for (a)
Position 3 showing a direct comparison with the thermocouple (T10) and defined peak
temperatures with each mesh strategy in (b).

Table5.1 presents a comparison of peak temperatures predicted-fés Racluding the
percentage difference relative to the reference moaesh 4 comprised of the highest

DOF, therefore most accurate)Additionally, P3's predicted peak temperature is
compared against the experimental value (denoted as %Exp) recorded by thermocouple
T10. Generally, the model with coarse@ded elements showed the most deviation from

the reference. Nevertheless, differemavere negligible compared to the reference in all

casesgxcept for P1 where model case 1 predicted about 8% higher than the reference.
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