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Abstract

Significant advancements over the past decade have transformed metal additive manufacturing
from a prototyping tool into a fulledged production process. These developments have enabled
the use of lighter, stronger, and more eeff¢ctive additively mamfactured components in
aerospace, automotive, and energy industries. As qualification efforts progress, research is
increasingly focused on advanced capabilities such as combining multiple alloys within a single
build to create functionally graded struas, eliminating the need for additional joinits.that
regard,Functionally Graded Additive Manufacturing (FGAM) is a laysrlayer process that

varies composition and/or microstructure within a component to achieve locally tailored
properties. A new class of FGAMs combining highly heatductive CuCrZr alloy withniconel

625 superalloy has gained considerable attention for aerospace applications, leveraging the
formerdéds high heat dissipation aTnhtcanhaonel att er
through the Laser Directed Energy DepositiorED) technique; however, thmplementation
remains a materigdrocessing challenge due to tha&iceablethermophysicamismatchbetween

the twoalloys.

This dissertation provides a comprehensive investigation infeGiAeV of IN625-CuCrZr alloys
encircling process parameter optimization, gradient path development, and microstaraural
defect formatioranalysis through advanced characterizat@ALPHAD-based thermodynamic
simulations and finite element modelingn that regardprocess parameters have been optimized
from singletrack to multilayer scales, and the effect of process parameters on the microstructure

has been studied, more specifically@uCrZr alloy as there was a big gap in the literature.

Further, the FGAM of IN62BCuCrZr has been exerciséar two geometries of thin wall and
cuboid,incorporating both sharp and gradual compositional transit®mstp transitions led to
delamination at the interface, while gradual transitions resulted in structurally sound builds. In the
gradual transition zone, the presence of a metastable miscibility gap between the liquid of the two
alloys led to the formatiorof distinct Culean and Cuich phases in themicrostructure, a
phenomenon predicted through CALPHARsed thermodynamic simulations. Thanationof
solidification cracking in the gradient region of the cuboid geometry was further investigated using

Koubés cracking susceptibility criterion.



In support of these findings, a mudtiep numerical investigation of heat transfer in both thin wall

and cuboid geometries was conducted using finite element analysis. First, a hybrid statistical
numerical thermal model was developed and implementékirscale of single trackbrough
userdefined subroutines (DFLUX, USDFLD, and FILM)Abaqussoftware This model enabled
high-fidelity prediction of melt pool geometry and thermal histaryd was validated against
experimental melt pool dimensions andsitu thermocouple measuremer&ibsequently, the
validated heat source model was used to simulate the thermal behavior during FGAM processing
of both geometriesThe thermalsimulationshighlightedthe critical role of geometry on cooling

rates andemperatureistributions, providingdeeper understandirigto cracking behavioand

how geometrydependent thermal history influence microstructure and defect fornatiomg

FGAM of IN625CuCrZr alloys.

Overall, this workestablishes a robust experimentaimputational frameworkor FGAM of
dissimilar alloys using {DED processilt introduces a scalable strategy for depositing functionally
graded IN625CuCrZr structures with controlled transitions and minimized defects. The modeling
and characterization approaches developed here can be extended to other material systems, while
the insights into miscibility gap, solidificatiobehavior and cracking mechanisms lay the

groundwork for future microstructure design and process contnaétaladditive manufacturing.
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Chapterl: | nt roducti on

1.1 Motivation
Over the pastwentyyears, the principles of laser cladding have been adapted to create freeform

laserdirected energy deposition RED). Advancesn L-DED techniquehaveallowed for the
creation of functionally graded metallic parts with tailored compositéns microstructuren
threedimensionknown as functionally graded additive manufacturing (FGAM)is capability

is particularly useful for creating complex rsttaped parts with precise control over the choice of
alloy and its resulting properties, all in a singkeps There is a growing need for advanced alloys
with specialized properties, especially for demanding applications like aerospace stramtures

the energysectors These alloys are required to possess superior resistance to high temperatures,
corrosion, and prolonged radiation exposure, but their high cost or mass often makes their use
prohibitive. One way to reduce costs and weigtd issemultiple cheaper or lighteweight alloys

instead of a single oneherever possibleBut this has traditionallyequired the use of fasteners

or welds, which come with their limitations and vulnerabilitiesDED offers an attractive
alternative, as it allows for the creation of complex structures without the need for unnecessary

joints and welds through compositional grading.

In this study, the focus mn employing the {DED to respond to the need of aerospace industries
for the fabrication ofparts that have a highly headnductive copper alloy on one side and Ni
based superalloy on the other side through one manufacturingT$étepmain challenge of
fabricating sucha components the high thermophysical property mismatch between the two
alloys Thiscan lead to severe residual stresses and delamiradtii® composition transition
interface, which can be tackled by gradually varying the compogibamstart to finish

This capability has already been realized and demonspatetbuslyon other material systems

in the literature[1], [2][3], [4]. In that regard, mukpowder feeder {DED enables the isitu
composition variation through several layers and smooth composition change instead of a sharp.
The situation is analogous to dissimilar welding, in which the alloy incompatibilities make
achieving strong defedtee bonding a nontrivial exercise. Yet, what is lackingh@ L-DED
approach is the dedicated consideration of the problem in the contexts of procesking a
metallurgy to reach defefttee functionally graded parts in both macro andrmscalesSuppose

a universal approach is to be established for adelithseed compositional grading; in that gase



must address each alloyés properties and phys
being joined or graded together in a defieeé part. Once these issues are generalized, strategies
can then be conceived to overcome them with the uniquabtiies afforded by additive

manufacturing.

1.2 Objectives
The principalobjective of thigoroposal, whichs both conceptual and experimental in natiseo

develop a pragmatic approach to the succedsfuitionally gradedadditive manufacturing of

dissimilar alloys

In doing so, the followingteps are considered as sjjectives

1 Investigating the additive manufacturing of each alloy viaED process from single tracks
to multilayer scales and optimizing the process parameters through empirical/statistical
methods
Studying the effect of process parameters on microstructure evolution
Establish an interim approach for developing succesdéfiéctfree gradients based on
experimental efforts and via unique capabilities of additive manufacturing processes,
particularlyL-DED.

1 Studying the microstructural evolution of the FGAM part via a series of experimental
characterization methods

1 Unveiling the defect formation mechanism in the FGAM process using advanced experimental
characterization and CALPHAD methods

9 Simulation of the thermal behavior of the FGAM samples during the process

91 Comparing the evolution of the microstructure and thermally induced defects in the FGAM

samples in cuboid and thimall geometries

1.3 Outline of the thesis
The proposed research is summarized as folldwws:research goal is identified and introduced in

Chapterl based on the lack of knowledge in the literature on the topic of FGAM in terms of

processability and thermomechanical behavior.

In Chapter 2, a thorough survey in the area of laser metal additive manufacturing of each alloy has

been conducted, along with the microstructure evolution efriased products. Further, a
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feasibility study on the FGAM of these alloys from both manufacturing and metallurgical aspects
has been carried out to address prospective challenges. Finally, principles of constitutive modeling

of thermomechanical behavior during LMAM have been reviestge end of this chapter.

Chapter 3 discusses the additive manufacturing of each alloy in detail, from process parameter
optimization to microstructural characterizations. The focus of this chapter is mainhD&mL

of CuCrZr alloy, as there is no piece of work on this subjeittariteratureThe resultsincluding

process parameter optimization amdicrostructual characterization from single track to

multilayer cuboid geometrgre presentenh this chapter.

Chapter 4 experimentallyvestigates the FGAM of IN626uCrZr in both sharp and gradual
composition transitions via-DED technique, utilizing the optimum process parameters from the

previous chapter.

Chapter5 investigates the evolution of microstructure across the gradient based on the change in
composition, focusing on the role of the miscibility gap between the two alloys. This miscibility
gap results innhomogeneity within the microstructure, which affects the grain structure and

microhardness.

Chapter 6 investigates the defect formation mechanisms during FGAM processing of the two
alloys. It provides an hadepth analysis of lack of fusion and solidification crackdefects
observed in the cuboid sample and highlights the role of the miscibility gagplidification

phenomena, as well @somoting these defects.

Chapter 7 presents a new hybrid statisticamerical approach fdinite element simulation of
the material deposition and temperature distribution during4D&D process at the singteack
scale. The model accurately captures the-tiggendent temperature evolution while preserving

the actual geometric characteristics of the deposited region

Chapter 8 investigates the influence of print geometry on defect evolution, with a particular focus
on cracking during the FGAM process of the two alloys. It compares the thermal histdhes of

thin wall and cube geometries, simulabgdhe finite element model developed in Chapter 7, and
reveals the underlying reasons for crack initiation in the cube sample, despite their absence in the

thin wall.



The final chapter (Chapter 9) presents the overall conclusions drawn from the research conducted
throughout this thesis. It summarizes the key findings from each chapter, highlighting the
advancements made in process optimization, microstructural catgfett analysis, and thermal
modeling of the EDED process for FGAM of IN62%CuCrZr. Additionally, this chapter outlines
several recommendations for future work, emphasizing opportunities to further enhance process

reliability, mechanical performance, anmwbdeling capabilities.



Chapter2Background & Literature Rev

2.1 Functionally graded materials
Functionally graded materials (FGM) are known as the class of multifunctional materials that

benefit from spatially varied properties through variation in their composition and/or
microstructuref5]. The concept was first introduced time mid-1980s by Japanese researchers
when they were trying to design a coating as a thermal barrier to withstand a 1000°C temperature
gradient to be applied in hypersonic space planes. They found out that the only way was creating
a metalceramic FGM that lman interfacehat begins with 100% ceramic on one side, which
provides thermal resistance and gradually change the composition to reach 100% metal on the
other side to achieve a desirable toughness. The key in this case was the use of a smooth gradual

transition from ceramic to metal in order to avoid cracking and insolubility i$8lies

2.1.1Types and Manufacturing methods
Grading materials is a popular area of research as it aims to maximize the engineering properties

of materials. Gradients can take several forms, such as controlled porosity, orientation,
microstructural, or compositionally. Figurel2schematically illustrates the different forms of

FGMs along with the way that gradual transition takes place, i.e. either stepwise or cohtinuous



Position

Position

Figure2-1 Schematic diagrams of: (a) stepwise and (b) continuous interfaces in FGMs. (c), (d) and (e)
schematic diagrams show stepwise FGMs with gradual change in composition, grain direction and

volume fractions of two different particles, respectively. (f),&gdl (h) schematics illustrate continuous
FGMs with smooth change in grain size, fiber orientation and volume fraction of precipifa@tions

Since the concept of FGMs was introduced, several methods have been employed for
manufacturing FGM parts. Among them, plasma spray technique as well as chemical and physical
vapor deposition (CVD/PVD), were used in creating functionally graded thearmar coatings.

Yet, due to their slow deposition rate, these methods are not suitable for manufacturing bulk FGMs.
On the other hand, powder metallurggas found to be useful for fabricating bulk FGM parts.
Powders are mixed and pressed based on the desiregositional distribution for the part and
finally consolidated with some heat treatment steps, such as debinding and sintering. Due to the
met hodbés | imitations, the size and shape of
drawback for tis method. Assintering temperatugeand time vary based on the materials, it is
challenging to consolidate a muitiaterial part. Irthe fabrication of FGMs, AM has shown its
fantastic capabilities witkhe transition from one material to another via matgps and over a

longer distanc?].



2.1.2 Additive Manufacturing of Functionally Graded Materials
Dissimilar to the abowenentioned conventional methods, AM techniques have the great ability

manufacturdulk FGMs with complex geometries. While conventional methods were focused on
fabricating ceramic coatings, composites, and simple linear gradients, the AM techniques, which
are quite coseffective, have shown their capability in tailoring geometricatiynplex metallic
gradients with a high resolution in compositional changdditive manufacturing of functionally
graded materials, also known asndtionally graded additive manufacturing (FGAM),
encompasses the gradual mixing of materials to manufacttgefarm component with variable
propertiesthat cansimultaneously benefit from the advantages of both AM and FGidr
instance, commercial laser AM systems are reported to be able to achieve compositional change
resolution of 1% with each laydB]. This capability results in a finely smooth gradient in
microstructure and compositidhrough which the detrimental defects in dissimilar metal joining
such agracking, distortion, and residual strestbed leado failure during the process or degrade

a jointos sewlbetackled®er f or mance

FGAM has multiple form$ased on the need and specific AM fabrication technique. Figre 2
represents the general schematithef FGAM concept, Figure-2 (a), and itdifferent types of
compositionagradients. Figure-2 (b) illustrates a sharp gradiethtat issimilar to the interface

of welded parts, where composition abruptly changesl it is applied in the bimetallic AM
component However, here the key difference ia layer of powder melts and bounds to the
substrate individually, and higher thermal history is introduced inbthmetallic part, which
altogethemresultsin better bounding between the two alloys. Figw2 (2) represents a smooth
gradient where the alloy (B) has changed gradually and in small steps to alloy (A). -Aradiint

FGAM, where me gradient is printed more than one or two times is showigime 22 (d). This

type of FGM can benefit from variations in properties such as magnetism or thermal expansion.
Finally, a schematic of FGAM with two gradients through three different materials is illustrated in
Figure 22 (e). As an application for this type, where more than two mateieldesired based on

the application need or the two main materials are greatly incompatible that a filler alloy is needed
to ensure a safe transitidexcept for the first type of FGAM, which is achievable lbgth powder

fed and powdebed processeshe rest gradient types are only possible thrqamiiderfed AM
processes due tbheunlimited capability of simultaneously depositing different powders.
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Figure2-2 (a) Schemas of FGAM process;dbdifferent types of gradients[10], [11].

2.1.2.1Powderbed additive manufacturing processes
Powder bed additive manufacturing is a process in which a heat source, either a laser or an electron

beam, selectively scans a layer of powder and generates molten materials which subsequently
solidify and deposit new rigid material on top of previouslyitdayers. This process will be
repeated layeby-layer until the entire CAD file is fabricated. Among powder bed additive
manufacturing processes, laser powder bed fusidPBE) is very well-developedand identified

as a versatileechniquewhich is al® known asselectivelasermelting (SLM)anddirect metal

laser sintering (DMLS)Figure 23 schematically shows the LPBF technique from the process to
the laser powder interaction and melt pool generation. Although this process benefits from high
resolution, shape complexity, and high strertgtiveight ratio, it cannot simultaneouslse
multiple powder feed stock due to the limitation of the powder bed concept and powder recycling.
Therefore, one alloy should be printed first; then, the powder bed toeleeshanged to the other
alloy, and print will be resumetb reach a bimetallic part with a sharp gradient similar to Figure
2-2 (b). This process has been frequently reported to be used for manufauimetajlic FGAM

parts made of dissimilar alloys such as different classes of steels, copper to stesedi
superalloys to steel, and copper telidsed superallojs0], [11] [12].
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Figure2-3 Schematic of laser powder bed fusion; from the process to the laser powder interaction and
melt pool generation

2.1.2.2Powderfed additive manufacturing process
Powderfed additive manufacturing is a process in which metal powders are fed into a heating zone

that is actively scanned by a laser beaich subsequently led to generating a melt pool. This
process is also known as Laser Directed Energy Depositf@EQD) powderfed and one of the

most efficient techniques among metal AM methods, which is schematically represented in Figure
2-4. Thanks to its capability of printing an unlimited range of materials at very low cost and high
production rates, it has beased for a variety of applications such as repair and cladding, rapid
prototyping, manufacturing moderately large and complex geomgt8gg14], and functionally
graded material$2]. Among AM techniques, the-DED-PF has been found to be the best
candidate for FGAM application due to its unique abildyadjustthe feedstock material in situ

and relatively small feedstock loss. UsindbED-PF technique, there have been several material

systems implemented in FGAM applications that are briefly explained in the next section.
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Figure2-4 Schematic representation of the LDED process [17]

2.2 Metallic systems infunctionally graded additive manufacturing
The FGAM concept has gained much attention amongst researchers for several material systems.

Titaniumbased alloys, different types of steel, nickel, and copper alloys are among the most
reported material systemused viaL-PBF and LDED processes. TableR2briefly summarizes

the common material systems that have been implemented in F&éng with their application.

Yet, among different metallic systems, gradients made of copper-baddd superalloys have
gained significant interest to be investigateare and it is the focus of the current proposal, which

is discussed thoroughly in the following section.

Table 21 FGAMs of different material systems with their application

Material systems Application

Ti-based to refractory metals (Nb, Mo, C  b-Ti stabilizer and exceptional mechanical properties, i

V) biomedical and aerospace industi3gs
Ti-based to Féased alloys high-quality joints in nuclear/aerospace induflB]
Fe-based to Nbased alloys Improving corrosion resistance and mechanical properti
automotive and oil industiji6]
Ni-based to Fbased alloys Thermal protection and reduced thermal stress, aerospac
oil industry[17]
austenitic to ferritic steels limiting carbon diffusion and better joints, nuclear and fes
fired power plant$2]
Fe-based to Cipased alloys Easing the working temperature, dies and molds, tool indt
[18]
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2.2.1Copper to Nickelbased superalloys gradient
Copperand its alloys arexcellent option for applications that need high thermal conductivity

and oxidation resistance, particularly in salt and alkaline atmospheres. Nickel established its credit
as a major element of higbmperature alloys, recognized askdised super alloys, withigh
mechanical strength at elevated temperatures. Oxidation resistance is another advantage of nickel
based super alloy§ombiningthe superior thermal properties of copper trahigh-temperature
strength of Nibased superalloys can result mRGM component that benefits from long cycles

of serviceunder harsh environments. This material type FG& recently caught industries that

need high hedalux cooling, such as the aerospace industfgure 2-5 shows some GNi

superalloy FGM partswhich are additively manufactured due to their complex geometries
[19][20]
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Figure2-5 Application of Cu alloys to Nbased superalloys FGAMs; A: combustion chambers of liquid
fuel rocket engines, B: liquitliel rocket nozzles.[22], [23]

2.3 Functionally graded additive manufacturing of Inconel 625CuCrZr
CuCrZr alloy has excellent thermal and electrical conductivity reelatively high hardness and

strength, making ian excellent option for applications that need high thermal conductivity and
oxidation resistand@1]. Inconel 625 is a weknown superalloyhathashighcorrosion resistance

and mechanical strength up to 650 °C, which drops significantlg@mstrairs their applications

in high heat flux cases such as rocket emgiardnozzles [10][22]. Therefore,it would be
beneficialin such cases to have an FGM component that is made of CuCrZr on one side and
Inconel 625 on another side to enhance the cooling process (up to 300% higher thermal diffusivity

[22]) while properly benefiting from the corrosion resistance and high mechanical stE9igth
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Yet, in terms ofthe manufacturability of such FGM componsnsome major challengasge

studying theL-DED processing of each alloy first.

2.3.1Additive manufacturing of CuCrZr
Due to their outstanding thermal and electric conductimigpmbination with widegange alloying

abilities, copper and its alloys are highly significant in the development of new electronic and heat
exchanging units, e.g., in electnoobility and novel power generation and distribution units. The
originally poor strength of Cu alloys can be increased by precipitation hardening, without losing
the outstanding electric and thermal conductivity propertieghat regard, one of the robust
precipitatiorharcening Cu allog is the CoppérChromiumi Zirconium (Cr: 0.51.2 wt%,; Zr:

0.03 0.3 wt%) which offers high electrical, thermal, and mechanical propehssrecently
gainedsignificant attentiorfrom AM industry for fabricatiorof electrical components such as
motor rotors, commutators, and hé@nsfer parts such as heat exchangdosvever, additive

manufacturing of CuCrZr is not without its challend@8],[24]

Challenges

The main challenge during-DED of CuCrZr powders is to reach the complete and défeet
melting: (i) at the wavelength of 1050nm, which is the wavelength of most commercial lasers, the
laser beam reflection is very high (approximately 75%). A large beam reflection results in a low
process efficiency since the major amount of the laser power is reflected and not available for
powder melting. (ii) the high thermal conductivity of CuCrZr causes a rapid loss of the spot energy
required for heating and melgrof the surrounding material. Therefore, wathinadequate local
energy supplythe L-DED of CuCrZr is associated with the risk of not reaching dense and-defect
free component$25]

Microstructure

As shown in Figure-B, within this alloy Cr precipitates are formed during solidification or aging
based on the temperature and cooling is®, fine cellular/dendritic structurevhich is a typical
microstructure in laser processing of alloys, within a solidified melt jgoagkible inFigure 26

(c). The formation of a cellular solidificatiostructure oriented parallel and perpendicular to the
image plane is aresult of high values of a local thermal gradient, G, and relatively low
solidification rde, R, that leads to a relatively high G/R ratio which in turn controls the

solidification microstructurg26]
12
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Figure2-6 (a). SEM image and EDS line scan profiles of Cliltensity on the horizontal crosgctions
of the asfabricated LPBF CuCr specimen, (b) optical microscopy image of Cr precipitates in cast
CuCrZr, (c) formation of a cellular solidification structureentied parallel and perpendicular to the
image plane, and (d) formation of (probably) ZrO2 on the rsaate. [28], [30]

Figure 27 shows SEM images of backscattered electrons (BSEggfain structure of additively
manufactured CuCrZr alloy, perpendicular and parallel to the building direction, respectively.
Within the BSE micrographs, the grain structure perpendicular and parallel to the building
direction is visible. Figure-Z (b) reveals that elongated grains were forletg thebuilding
direction with | engths exceeding 10 &m. A de
buil ding dir ect ible withiothe BSB imnages. Pe(dndicular tohe building
direction, inFigure 27 (a) the grains are smaller and equiaxed. Figufdd@ shows the Inverse
Pole Figure mapping (IPF) from the EBSD analysis, whelealsthe formation of elongated
grains along the building direction. The <100> pigure in Figure2-7 (d), shows a deviation
from the z0 building direction (accumulation within thegditdure, red area) at approx.%d a
resulting tilt inthe x0 and yO direction due to synergic effects of (i) the rotation Bﬁoﬁﬂwe
scanning direction with every new layer andl{igh heat dissipation within the highly conductive

CuCrZr alloy.
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Building direction
Sl

the building direction, and (b) the microstructure parallel to the building direction. (c) EBSD image of
CuCr1Zr: crystabrientation mapping (IPF) and (d) <100>@digure according to the orientation data of
a (red: high amount, blue: low amount) [28]

2.3.2 Additive manufacturing of Inconel 625
Inconel 625 is a solid solution strengthened nitdaded superalloy with face centered cubic

(FCC) structure. It is used extensively in aerospace, pressure vessels, chemical, and nuclear
applications. IN625 usage is preferred in high temperature anepregbure applicatiorsich as

gas turbine products due to @scellent mechanical properties and oxidaton/osion resistamc

at elevated temperaturg€a7]. Thisalloyb s c omp o s i t nickel (6210%)shromitns o f
(22.0%) molybdenum (9.0%), niobium (4.0%), Fe (2.50%), Mn (0.2%), Si (0.2¥hin this

alloy, primary and secondargarbides MCM6 C and M23C6), 9NjNj ( Ni 3Nb)
intermetallic phasesan be exisbased omlifferent thermal exposurendesirablgrecipitatesand
phasesuch as Laves, 8ii ¢ h p aGr paiticlds,qusTCP (Tbpologically Close Pack) phase

can also be foundnder thermal aginf28], [29], [30]. Unlike its great mechanical and corrosion
properties, it has been reported that the machining process of IN625 is faced with many challenges
due to poor machinability and increased tool wear rate. Therefore, additive manufacturing
processes have been exderly exercised for the fabrication of complex geometries made of this

alloy.
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Microstructure

Microstructure ofdditively manufactured IN625 by bothRBF and LDED processes are shown

in Figure 28 (a) and (b), respectively where cellular and dendritic microstructures are evident in
both micrographs. As previously mentioned, the microstructure of LMAM productéiractly
controlled by both the local temperature gradient, G and the solidification rate, R. As itis illustrated
in Figure 28 (c), the ratio of G over R (G/R) determines the morphology of microstructure while
the multiplication of them (G*R), also knawas cooling rate, controls the sifEgom melt pool

cross sections, epitaxial grain growth throwgberpendicular direction to the build direction is
observed, which leads tbeformation of elongated columnar grains in bot’BF and LDED-

made | N6256s microstructure.

Temperature gradient G

1 Equlaxed
dendrite
Low G/R e S—

R
(C) Growth rate R

Figure2-8 (a). SEM image of SLM processed IN625 sample-(Pibmary Dendrites; CPBCell-like
Dendrites; B Building direction; S Scanning direction). (b). SEM image of LMD processed IN625
sample (PBPrimary Dendrites; CBCell-like Dendrites; B Building direction; SScanning direction).
(c) solidification microstructure map [29] [31]

2.3.3Feasibility and challenges from the metallurgical aspect

A gradient composed of the IN625 and CuCrZr alloys should first be studied from a metallurgical
aspectto predict any metallurgical challenges. As such, intermetallic formation, segregation of
different phases, and crack formation can adversely affect the microstructure and mechanical

properties of the FGM. In that regard, considering the phase diagridm wlain elements of the
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gradual composition, which are Cu, Ni, and Cr, can be quite insightful. Though it should be noted
that duringheL-DED process, solidification does not happen in equilibrium conditibhnis may

result inadiscrepancy between what is predicted from the phase diagrams and real observations.
Figure 29 shows the equilibrium ternary and binary phase diagrams of these elements where (a)
the miscibility gap based dheamount of each element can be predicted at 930 °C where all are
completely solidifiedWhile in IN625 alloy the ratio of Cr to Ni is designated in a way to get a
solid solution composition (Figure 2.9 (bypm Figure 29 (c) and (d) the chance of solidification
cracking and limitedsolubility in Cu-Ni system as well as the immiscibility issue in-Cu

composition can be predicted, respectively.

Solidification cracking: Sol i di fi cati on cracks, also referre
the Amushy zoneod, where the materi al i's 1 n a
the gradient region, the material system can have a large solidification facmepte hundreds

of degrees °C, which is known to promote the chance of solidification cracking. In that regard, a
portion oftheliquid phase is entrapped in the interdendritic regions at which the solidifying stress

is concentreed and finally leads to the tearing of the liquid films and the formation of solidification
crack$26].
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Figure2-9 (a). Isothermal section of ENi-Cr ternary equilibrium diagram at 930 °C showing miscibility
gap. (b), (c), and (d) the binary phase diagrams of the each two el¢8ignts.

2.3.4Feasibility and challenges from the process aspect
Alongside metallurgical phenomena that may happen in the case of GNBZE FGAM, there

could be a quite few challenges during the process mainly due toisneatch betweethe
thermophysical propertiad these alloys, shown in table 218 fact, differences in melting point

and specific heat capacity may lead to poor mixing and the presence of unmelted powder
inclusions and porositieg themelt pool of LMAM of these alloysvioreover CuCrZrfeatured

low absorption of infrared laser radiation, irating most of the energy is reflected and due to the
high heat conductivity, less amount of heat accumulates to bond these materials together.
Therefore,more challenges will be added to the challenges of LMAM of CuCrZr when it comes
to depositing it with IN625 which hdsgher laser absorptivity and lower heat conductj2ity.

Table 2.2 Thermophysical properties of CuCrZr and Inconel[82H33]

Material Melting range CTE K (W/m.K)  Cp (JICK) Laser beam
(°C) 10 7C) absorption (%)

CuCrzr 1065-1083 17 200 0.38 25

IN625 12901350 12.8 9.8 0.43 65

Residual stress

Residual stress is a common phenomenon in LMAM products as a result of large thermal gradients
during the processes. In fact, residual stresses are highly concentrated near the substrate interface,
and they may lead to macro cracks and delamination wieeredixg the local UTS stress, shown

in Figure 210 (a). In the FGAM of CuCrZiN625, due to the high variation in the thermophysical
17



properties of these materials, it is expected to have a high amount of residual stress, particularly in

its bimetallic form.

Porosity

Porosity is a common defect in LMAM parts and can negatively affect mechanical properties. It
can be categorized into procesducedporosity, such as the lack of fusion, and powdetuced
porosities such as the oxidized powder particles, showigure 210 (b) In the case of CuCrZr
IN625 FGM, both types of porosities can happen as a redihié tzfick of fusion and oxidation of
CuCrZr powder$14]

-

Gas porosity- . . _Unmelted Powder

lack of fusi
\. .. y USIOT‘I
v

Delamination ; Macro cracks 100 um - 100 pm

P =

Figure2-10 Potential defects in FGAM processing of CuGH625 (a) delamination and macro cracks
as a result of a high amount of residual stresses, (b) different types of porosities and unmelted3jowders.

2.4 X-ray diffraction for phase identification and residual stress measurement

X-ray diffraction (XRD) is a widely used natestructive method for analysis of phases and
residual stresses, relying on the principle that each crystalline phase produces a characteristic

diffraction pattern due to constructive interference ebssas f yi ng Br aggds | aw:
¢ _ cCQOE+H (equation 21)

Each phase yields a unique set of diffraction peak positions and intensitiesethabs a

Af i ng e sopby comparing them to standard reference databam®es can identify the
crystalline phases present in an unknown samigies approach is widely appligd material
sciencefor analyzing multiphase alloys and compoundsa addition,the Full Width at Half
Maximum (FWHM) of Xray diffraction (XRD) peaks serves as a critical parameter for probing
microstructural features such as crystallite size and lattice strain in polycrystalline materials. Peak
broadening in XRD patterns arises frtwth the finite size of coherently diffracting domains and

the presence of microstrain, which introduces distortions in the crystal lattice. To decouple these
contributions, the WilliamsdrHall (WiH) method is commonly used. It assumes that the

18



observed peak broadenirig, (n radians) is @ombination of size and strain effects and follows

the equation:
I AT-© — 1-OE+ (equation 22)

where—is the Bragg angléQis the shape factor (typically ~0f@ FCC structurk _is the Xray
wavelength,Ois the crystallite size, andrepresents the lattice microstrain. Bipttingl cos—
against sifr-one can extract both crystallite size (from the intercept) and microstrain (from the
slope) from the linear fit. This approach provides a convenient andlegiructive means of
characterizing structural defects, though it assumes uniform deformatiorsarapic strain
distribution, whch may not always hold true. Nonetheless, the Williamisiail method remains
widely used in materials science for quick estimation of microstructural parameters from XRD
datd34], [35].

Moreover,X-ray diffraction (XRD) can be used to measure residual stresses by detecting shifts in
the positions of diffraction peaks, which correspond to changes in interplanar spacpgsi(dy)

caused by elastic strain. When a material is under stress, the fd#thes are either compressed

or stretched, leading to a measurable change in the diffraction argle (22 ccor di ng t o
law. By comparing the measureesgacing in a stressed region to that of an unstressed reference,
the elastic strain-§ can ke calculated. This strain is then related to the residual siressi(g

Hookeds | aw for elastic deformation, typicall
. —8 (equation 23)

The strain is measured at different tilt anglgs)(@nd a plot ofQ[ versusO E ¢¢ is used to
determine the residual stress from the slope. Heéfes Youngdés "medBbussonadsd
This technique is particularly useful for measuringpiane residual stresses near the surface
(typically within a few micrometers depth), and is widely applied in welds, coatings, and shot
peened components. However, plastic stnebsch results from permanent deformation such as
dislocation motion, slip, and twinningannot be measured directly using standard XRD residual
stress methods, because plastic deformation alters the lattice irr@cowrrald and often non

uniform way.That said, XRD can provide indirect insights into plastic deformation through several

indicatorssuch as gak broadeningn PID tests.Plastic deformation increases the density of
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dislocations, which introduces local lattice distortions. This manifests as broadening of diffraction
peaks (i.e., increased FWHM). Line profile analysis techniques (e.g., WillidgtdatnWarrerni
Averbach, or Convolutional Multiple Whole Profile fittingque help estimate dislocation density

and strain anisotropy associated with plasticity.
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Figure2-11a) Schematic of the XRD experiment. b) 2D diffraction pattern recorded in the detector. The
intensity rings present diffractions from different lattice planes of the cig&hl.

Grain size has a significant effemt the reliability of residual stress measurements ushngyX
diffraction (XRD), particularly in coarsgrained or columnastructured materialsuch as EDED

samples

Reduced grain statistics: XRD measures lattice strains based on averages from many crystallites.
In materials with large grainhundreds of micronsfewer grains fall within theX-ray beam
footprint, leading to poor grain sampling and increased random errors in peak positions and stress
estimates.

Peak asymmetry and noise: Coarse grains tend to generate asymmetric diffraction, patterns
shown in Figure 2.1 (patchy Debye rings), complicating peak fitting and reducing precision in
thestresss i mloty

According to guidelines, grain sizes should
ensure high accuracy. Beyond this, XRD measurements become unreliable without corrective
strategie$36], [37], [38]
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2.5 Thermal and thermomechanical modeling of additive manufacturing process
During the L-DED process, the high thermal gradient due to the fast melting and solidification

leads to the expansion and contraction of both the added material and previously printed layers,
which consequently result in high residual stresses and distortion in th&tpaefore, having a

model that can predict the thermomechanical behavior of a part would be highly useful, even
necessary, to avoibstly repeateduns[39][40]. In that regard, Finite Element Method (FEM) is

a useful tool to predict the thermomechanical behavior of AM products during the process.
Moreover, FE numerical models have been extensively used for studying the heat transfer
problems and thermal stress lysas of FGMd41]. Yet, as the concept of FGAM is recent, there

is a big gap in the literature about the thermomechanical modeling of AM of FGM parts. In fact,
the thermomechanical FE modeling is worth employing for the case of Incon€l&2Zr

FGAM to predict theresidual stresses.

2.5.1Thermal Equilibrium
The first step to modeling the thermomechanical behavior of a part during the LMAM process is

thermal modeling. The thermal model is mainly conducted in 3D dimensions and in three major
scales of micro, meso, and macro based on the methodology and reqisr€@unduction is the

main mode of heat transfer during the process whereas radiation and convection from the top layer
still exist and should be considered in the boundary conditiidres.applied heat input which is

from the laser, is partially absorbemimelt the powder particles and the rest of it transfers mainly
through conduction and a slight amount of convection and radiation. The thermophysical
properties of the powder such as density and reflectivity are the most important features affecting
both the heat input and heat transfer during the process. The general thermal equilibrium is
described as followf39]:

0 0 0 0 0 (equation 24)
Anot her shape of the above equation for a bod

heat capacity, Cp is represented as follows:

m #b A4TAO n N Ooh O 1 Oh (@equation 25)
where T is the temperature, t is the time, q is the [n@at Q isthe absorbed heat input, and r is
the relative coordinate from the reference. In the case that there is not any preheating, the initial

boundary condition for temperature is= Tp, which is the ambient temperature. The heat losses
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from the surface through radiation and convection should also be considered in the boundary. The

heat dissipation through tisebstrate s descri bed by Fourierds cond

g =TT kK (equation 26)
where Kk is the isotropic thermal conductivity coefficient, which is temperdependent. To solve

the above equations, one has to consider the boundary conditions mentioned earlier as well as

apply a proper heat input model that matches the actualdaseter interaction.

2.5.2The Heat Input Model
The laser beam that incidents the powder particles is usually modeled as a volumetric heat flux

that follows a Gaussian intensity distribut{d3], [42]. Figure 212 schematically shows the semi

spherical heat source model and its 3D Gaussian intensity distribution which follows the below

equations:

Ocfthh 1 A @D¢ (equation 27)
While,

red . . . R @bg QOQOQQ (equation 28)

Then will be equal to:

7

n (equation 29)

.o T

"0 — & @D¢

(equation 210)

il 7

[

(a) (b)
Figure2-12 thermal modeling of LMAM process; (a) schematic of the sgphierical heat source model
with 3D Gaussian intensity distribution, (b) FE simulated melt poedfZl0
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2.5.3The mechanical model
After completing the thermal simulation, a temperature history for each node is derived, besides a

guaststatic equilibrium of stress is determined for each time step. The small deformation theory

applies in modeling of LMAM processes, in which the totadia can be calculated as follows:

R R R R (equation 211)

whereR  ,R,R , andr are the total strain, elastic strain, plastic strain, and thermal strain,

respectivelyThe governing stress equilibrium equation is

ngc 7 (equation 212

wherel is the stress. The constitutive equation that relates stress, strain, and material properties

is as follows:

A #R (equation 213

wherer is elastic strain an@ is the fourth order stiffness tens{89]

2.6 Summary
As stated in this chapter, the FGAM (Functionally Graded Additive Manufacturing) of GuCrZr

IN625 material system poses various challen@s one hand, due to tlsgnificant mismatch
between the thermophysical propertiethelse alloys, the bimetallic form (sharp transition) would

face poor bounding and delamination as a result of the high amount of residual .SDasbes

other hand, in the smooth gradient form, there is a high chance of solidification cracking and
segregation of different phases irethompositional gradient zone, degrading the mechanical
properties of such components. Based on the application and potential needs, both cases are
already, while could be more in the future, in demand. So far, there is no study on the FGAM of
this materidsystem in the literature. Moreover, although the concept of FGAM has gained a lot
of interest and is remarkably extending, there is a big gap in the literature on their thermal and
thermomechanical modeling during the proc€asnsequently, the objectiva this thesis is to
comprehensively investigate both the sharp and smooth gradients of this material system at both
macro and micro scales, followed by the identification of effective solutions to the aforementioned

challenges through the use of expemta¢ and modeling approaches.
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Chapter3:Ex peri ment als taantaibgtsiiasa laadi on of

a

manufacturing of CuCrZr and I ncon

3.1Introduction
Laser Directed Energy Deposition (LDED) is one of the most efficient processes among metal

Additive Manufacturing (AM) techniques, in which metal powders/wire are fed into a melt pool
produced by a laser beam. In LDED, a product is fabricated by horizont@r vertical addition

of single tracksFurther, by printing these singleacks and adjoining them both horizontally then
vertically in a way that properly overlagach otherand asuccessful part can be fabricated.
Therefore,in this chapter a thorough investigation has been carried out to optimize the process
parameters from single tracks to multilayers to successfully fabricate cuboid geometry for CuCrZr
alloy first. It is worth mentioning that CuCrZr alloy has been the focus of this chdyseto the
challenges associated with its laser processing along with the big gap in the literature for LDED
of this material Further, the similar methodology has been followed for successful LDED
processing of Inconel 625 alloy. In addit, the effects of main process parameters, which are
laser power (P), powder feed rate (F), and scanning speed (V), on the evolution of microstructure
have been studiedinally, theknowledge obtained from this chapter will be applied in the next

chapter for successful fabrication and characterizatiadhesie two alloys together as FGAM.

3.2 Laser directed energy deposition of CuCrZr powders
Copper and its alloys have been extensively used in aerospace, particularly in high heat flux

applications where high cooling rates are needed to cool down engingghasnong the copper

alloys, CuCrZr has been widely used in combustion chambers and cooling channels of rocket
nozzles not only because of its high heat conductivity but also due sopiésiormechanical
properties at high temperatures such as creep resigidly [44]. Moreover, the geometrical
complexity of those parts on one hand, and the need foeffestive and fast production, have

made AM techniques robust candidates for manufacturing aerospace parts composed of CuCrZr
alloy [45]. In spite of the fact that there are several studies on LPBF of CuCrZrtalldgte, there

is not any systematic investigation on LDED of this alldgpreover, it has been reported ttias
technique is employed for building nozzles made of CuCrZr alloy due to its capability for
manufacturing largscale part§19], [20].
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Due to the large gap in the literature, the present work thoroughly investigates the processability
and microstructure of CuCrZr fabricated by powtizt LDED from the scale of single tracks to
multilayers. The original contribution of this study are dtoves: 1) a novel twestep process
optimization approach is established through response surface methodology to achieve a proper
deposition with desirable geometrical characteristics; 2) general processability map in which the
optimum processing window identified based on key process paramet@rshe microstructure

of selected samples made by different process parameters are studied to comprehend the influence

of process parameters.

3.2.1Material and methods

CuCrZr powders

Gas atomized CuCrZr powder was used as the feedstock material in this study-T ahlews

the chemical composition of the powder, anduFég 31 shows its main characteristics;
morphology, and particle size distribution (D10: 30.61 pum, D50: 42.56 pm, D90: 59.91um). The

substrate material was pure copper, which was sandblasted before the experiments.

Table3-1 Chemical composition of the CuCrZr powders (wt.%)
Cu Cr Zr

balance 0.515 0.050.15

r 18

r 16

= Mean p3 [%] [
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(a) (b)
Figure3-1 CuCrZr powders (a) morphology, (b) particle size distribution
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L-DED setup and settings

Single tracks with a length of 35 mm and 3 replicates per each condition were deposited on the
substrate by a powdéed L-DED system (IC106, DM3D Technology) equipped with a robot
(ABB IRB 140) that is armed with a coaxial nozzle and a disk laser (TruDisk 2000, TRUMPF)
with up to 2000 W power capacity. Figure23hows the tDED processing setup. During the
experiments, the laser spot size was kept at 1.4 mm. The laser power-{®000&/), scanning

speed (V, 214 mm/s), and powder feed rate (F12 g/mn) are considered variable input
parameters. Figre 32 shows a single track sample conegbf three discrete zones: deposition

zone, heatffected zone (HAZ), and substrate.

Laser beam

Powder stream

|

Figure3-2 L-DED processing setup with a magnified view of the deposition

Geometrical and microstructural characterizations

Metallographic characterization was done to inspect the geometrical characteristics and
microstructure of the samples. First, the samples were-seasi®ned and hehounted in a
conductive epoxy resin. Then, the samples were ground and polished orra Saopcl0
autopolisher using SiC grinding papers from 120 to 4000 grit sizes and the 1um alumina slurry,
respectively. Finally, polished samples were etched using 5086 ldMuted in Ethanol for 30~35

seconds in order to reveal their microstructure.

Using a Keyence VHX7000 digital microscope, the optical microscopy was carried out to scan
the entire track from the top, as shown inU&3-3 (a), and for melt pool observation on the
metallographically prepared samples, g 3-3 (b), where it shows the geometrical
characteristics of a single track; the heidhtgnd width () of the bead as well as the melt pool

penetration depth to the substrdig (n this study, the combination of geometrical characteristics
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and input parameters, i.e. the diluti@=b/h+b), the powder efficiencyR E = A * )ywhich F
is the ratio of the deposited material to the fed powder, and the depositioDRatA*{) were
considered as the outputs for the statistical analysis whertle density of the alloy (8.9@/ )

andA=2/3h*w s the crossection area of a track.

Figure3-3 (a) 3D scanned and (b) optical micrograph of a transversesgosen of the single track.
Furthermore, the microstructure and chemical composition of the samples were examined by a
Tescan VEGAS3 scanning electron microscope (SEM) equipped with an atispgysive Xray
spectroscope (EDS) detector. The morphology and size of grains were expo@druker
QUANTAX electron backscatter diffraction (EBSD) which was carried out at the voltage of 20
kV and scanning step size of 4 em that was fi

ratio of grains was measurexhd the grains with valuésss than 0.5 were considered columnar.

Design of experiments and data analysis
For the statistical data analysis, the response surface methodology (RSM) was employed for a
threestep statistical approach. As the printability of CuCrZr powder is challenging due to its high
laser reflectivity and thermal conductivil#5], [46], a screening phase was initially carried out
through a set of preliminary runs to find out the feasible range of process parameters through which
minimum quality requirements are met (e.g., being free from delamination and a minimum clad
height produced)Then, using the central composite design (CCD) method, the design of
experiment (DOE) was conducted for the second set of experin@idwed by the regression
scheme on the measured responses (the geometrical characteristics) to establish thencorrelati
between track features and the process parameters. The diitjahg powder efficiencyRE),
and the deposition rat®R), were also considered as the objectives of the compliance function.
27



All the data analysis procedures from the DOE to the optimization were carried out through
Minitab 19 software. For the first DOE, a thuieetor CCD matrix withan alpha value of 1.68
(standard, orthogonal) was considered, which consists of 8 cube points, 6 axial points, and 3 central
points. It is frequently reported in the literature that a secoddr equation best describes the
correlation between inputs angpenses of the-DED proces$47], [48], hence, the full quadratic

model was employed for the regression analysis, which was condudtesksiepwise approach

with backward elimination of insignificant factors.

3.2.2Results and discussions; single tracks

Process parameter optimization

Figure 34 (a) reveals a general view of the crsgstion of all single tracks of the first DOE,
where the input variables and the output responses are presented iB8-ZaBléew of the trials

got rejected due to the poorly wetting the substrate and/or over depostich resulted in high
wetting angleg49]. After measuring all the responses, the RSM analysis was performacke Fig
3-4 (b) shows the regression analysis results for the dilution respbises (an instance. This
figure also shows the normal probability plot of residuals, scatter plots of residuals vs fitted values,
which prove the validity of the raw data for regression, the table of ANOVA, showing the
significant process parameters for tlesponse, and contour plots of D vs different levels of the
significant process parameters. The mathemhgquation from the regression analysis is as
follows:

0O Y& ™Wiovapp PO vV T WO p& (W (equation31)
Optimizing the process parameters is then followed, as shownureR3gt (c). The compliance
function was set to maximize bd#t andDR while reaching the target of 30% fDr as they are
the average values that are reported to be acceptable follE® Lprocesfs0], [51]. Based on
the optimization solutionsr was around 12 gr/min in all the solutions with high desirability

values. The white area in the contour plot shows the desirable processing window.

Table3-2 the first step DOE input variables and output responses

Track Process parameters Geometrical measurements

NO. (input variables) (output responses)
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PW) F(@min) V(mm/s) h({m) w(m) b(um) DR A 1 D (%) PE(%)
1 1745 5.6 6.03 88.30 1222 146 0.44 62.31 3.98
2 1745 5.6 2.97 154.90 1559 221 0.48 58.79 4.38
3 1500 8.0 4.50 159.60 1583 122 0.76 43.32 4.82
4 1255 5.6 6.03 73.00 925 0 0.27 0.00 2.49
5 1255 10.4 6.03 166.20 1185 58 0.80 25.87 3.86
6 1255 5.6 2.97 103.30 1194 72 0.25 41.07 2.24
7 1500 8.0 4.50 142.90 1442 140 0.62 49.49 3.93
8 1500 8.0 4.50 140.90 1465 150 0.62 51.56 3.94
9 1745 10.4 2.97 396.80 1569 22 1.24 5.25 6.00
10 1255 10.4 2.97 431.70 1432 18 1.23 4.00 5.96
11 1745 10.4 6.03 198.90 1583 150 1.27 42.99 6.17
12 1500 8.0 7.00 97.50 1382 91 0.63 48.28 4.00
13 1900 8.0 4.50 169.70 1513 153 0.77 47.41 4.90
14 1500 8.0 2.00 384.40 1651 29 0.85 7.01 5.38
15 1500 4.0 4.50 53.90 1320 79 0.21 59.44 2.72
16 1500 12.0 4.50 285.20 1623 108 1.37 27.46 6.49
17 1100 8.0 4.50 140.20 1114 18 0.47 11.37 2.98

a) First step specimens
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b) Regression analysis on dilution

Contour Plots of D (%)

= ANOVA
Normal Probability Plot 12 2P | LY R

99 — Source DF AdjSS AdjMS F-Value P-Value ‘ ‘
= 9% L Madel 7 385256 55037 4226 0000 10 61
g N Blocks 2 32208 16104 1236 0005
5 P Linear 3 328806 100602 8415 0000 8 i
G H0ji—ie? P 1 61010 61010 4684  0.000 ‘

1 ! ) £ 1 180192 180192 13835 0000 67

50 25 00 25 50 v 1 54851 sagst 4211 0000 | ‘ 3 |
Residual Square 1 7304 73.04 561 0.049 1400 1600 1800 1400 1600 1800
Residuals vs. Fits £f . L 7304 73.04 5.61 0.048 v of )

o 2-Way Interaction 1 13468 13468 1034 0015 = { @ < 15 HoldValues
-zl * > u £V 1 13468 13468 10.34 0015 o /_“ Ws-30P 1500
s 2 * . . 2
= Error 70117 13.02 ’ 30 - 45 f 8
2 oy » = Lack-of-Fit 5 5444 1089 0.59 0.725 45 - 60 V 45
2 2| . . Pure Error 2 3673 1837 4 We6- 75

-4| = s Total 14 394373 R? 97.69% " -7

0 15 30 45 60 Adj-R? 95.38%
r3 0, N
Fitted Value Pred R? 85.54% 206 8 0 12
¢) Optimized process parameter window
Desirability criteria
T PE (%)
Response Goal Lower Target Upper Importance - —— 58
PE (%) Maximum 223853 6.4882 1 - 65
D (%) Target  4.00267 30.0000 623133 1 6 D (%)
DR Maximum 021451 1.5375 1 13.6
5 - 38

PP . DR

Optimization solutions 139

PE(%) D(% DR Composite > 4 1.54

Solution P (W) f(gr/min) V (mm/s) Fit Fit Fit Desirability y
1 152318 110102 475800 640268 30.0147 153078 0.000848 3 Hold Values
2 147960 120000 487184 642860 204653 152387 0.985530 12
3 1569.67 11.7283 328434 5900672 20.1085 153687 0.040078
4 140030 12.0000 534287 631874 34.5856 151497 0032112 2
5 1613.01 11.7798 526441 636200 37.9806 151212 0.804806  §
6 1414.01 12.0000 6.03646 570185 38.0785 130036 0.822050 N
7 1503.81 115016 205154 684563 13.5008 153708 0.717287

Figure3-4 (a) Optical micrograph from the cressction of the first DOE samples, (b) An example of
RSM analysis on dilution including normal probability plot of residuals, ANOVA, and contour plots of
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the response vs process parameters, (c) Optimization procedure based on the desirability criteria and the
white area in the contour plot showing the desirable processing window.

Further, to achieve the optimum set of process parameters for the aforementioned responses, the
second DOE was conducted in which the ranges of inputs were narrower. This was necessitated
by the fact that in the LDED process there are nphitisics phenomma that not only make the
process complex, but also add environmental and process disturbances to the process zone that in
turn result in low accuracy of the statistical model. For example, the rejected tracks, shown in
Figure 34 (a), can cause a discreywy in the statistical prediction. Therefore, another set of DOE
was designed from the previous ueBxgséhsewsgphe oces s
crosssectional views of the printed tracks, allwliich are acceptable in terms of geometrical
characteristics. After measuring the responses and performing the regression analysis, the
optimization phase was carried out with the same criteria as the previous step, and the results are
shown in Figire 35 (b). The optimization solution is shown d®tred point in the contour plot.

To confirm this set of process parameters as the optimum ones and validate the optimization
procedure, it was printed with three replicates, and the result is showrune Big (c) in which

the mean values of experimental measurements were in good agreement with both low and high

95% confidence levels of the predicted responses.

a) Second step specimens

P =1300

1000 pm

b) Optimized process parameter window
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Contour Plot of PE, DR, D

Desirability criteria

Response Goal Lower Target Upper Importance
PE Maximum 4.71289  5.9173 1
DR Maximum 1.11680 1.4023 1
D Target 8.24801 30.0000 40.3587 1

Optimization solutions

PE DR D Composite
Solution P v Fit Fit Fit Desirability
1 1550.00 447567 591751 140225 288215 0.981604 SIS IR IR
N N
2 1550.00 4.47570 591747 140224 288218 0.081583 '({? > '{’§° NS '\"“’> '(’9 \"’(” \@
3 1550.00 4.47528 5901813 140240 288177 0981544 p

c) Model confirmation test

Validation
SE  No. 95% CL. Exp. 95%C.L
Response Predicted Pred. replicates low Mean _ high
PE 5.91 0.21 3 5.37 5.97 6.46
DR 14 0.05 3 1.27 141 L.57
D 2882 3.28 3 21.07 26.3 36.57

:‘ £ P g o —

S 5 200 pm

Figure3-5 (a) Optical micrograph from the cresection of the second DOE samples. (b) Optimization
procedure based on the desirability criteria. The white area in the contour plot shows the desirable
processing window. (c) Confirmation test of the optimum poirdt)(a&d its validation for all the

predicted responses.

Microstructural results

To understand the effect of process parameters on the microstructure in the LDED of CuCrZr

alloy, five samples with different process parameters were selected from the last set of DOEs.

Table 32 represents the samples with their process parameters.

Table 32 Selected specimens for microstructural characterization with their process parameters

Sample No. P (W) F (g/min) V (mm/s) F/V (g/mm)
1 1300 12 4 0.050
2 1400 12 55 0.036
3 1250 12 4 0.050
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4 1550 12 5.5 0.036

5 1550 12 4.5 0.044

Figure 36 shows the result of microstructural observations in the deposition area of Sample 1.
SEM SE and BSE are shown in &ig 36 (a) and (b), respectively, in which the cellular structure

is evident[52], [53]. In fact, the interaction between thermal gradient (G) and solidification rate
(R), G/R, determines the morphology of the solidification struf26teln this study, the high heat
conductivity of the copper substrate leads to high heat dissipation, hence resulting in relatively
high values of G which resulted in the cellular morphology of the microstructure. Moreover, shiny
spherical particles, as shown Figure 36 (a), with different contrast from the matrix in the
backscatter image in Rige 36 (b), were found to be the chromium particles based on the results

of the EDS analysis map shown in &g 36 (c). This observation is comparable to what is
reported from the microstructure of LPBfanufactured CuCrZr all¢g1], [25].

(b) ()

Figure3-6 (a) SEM secondary electron image of an etched @®estson of a single track showing small
dispersed particles, (b) A backscatter image of (a), and (c) EDS elemental map of the same view showing
the dispersion of Cr particles in the Cu matrix.

Figure 37 depicts a set of microstructural features from the substrate to the top of the track for
Sample 3. From the EBSD Inverse Pole Figure (IPF) map, shownureRBd (a), epitaxial grain
growth is evident for the grains located at the melt pool boundary that are highly columnar. This
happens for molten material at the licusidlid interface, where the crystallographic orientation of
the adjacent solid grain is prefedrto solidify and grow in the thermal gradient directionuFeég

3-7 (b) also veifies this, where the growth direction of cells is mainly upward and along the
printing direction. This phenomenon has been frequently reported and justified in the literature in
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detail [54], [55]. Due to a couple of synergic mechanisms, the top half of the bead consists of a
fine and equiaxed grain structure, as shown irufeig37 (c). There are a couple of synergic
mechanisms behind this. One is the interaction of the shielding gas with the melt pool, which
provides a suitable condition for heterogeneous nuclegi@ly [57]. Moreover, in LDED, the

melt pool is always under the bombardment of powder particles and based on how far the heat
source is from the melt pool, some of them may completely melt and dissolve in the molten metal,
while others may partially melt or attath the edge of the bead. Having these partially melted
particles is highly likely in the relatively cold top half region, where they act as potential nuclei
and cause grain detachm§}]. Lastly, the microstructure of the substrate material, made of pure

copper, is displayed in Rige 37(d).

55 +
51 4
49 A
47 A

45 4

FER

Columnarity (%)

a1 |

39 4

37 A

35

: 0.03 0.0'35 0.;)4 0.(;45 O.IOS 0.055
R B R F/V (gr/mm)

Figure3-7 (a) EBSD map of the entire cresectlon of Sample 3 including (b) SEM image of the same
specimen, etched, and from the very bottom of the melt pool area, (c) From the top of the bead, (d) from
the substrate area, and (e) columnarity percentage of gragmatogy of the selected samples against

variation in F/V and P

Similar characterizations are done on the microstructure of the other specimens and the results
from the analysis of grain structure morphology were considered against the process parameters
for each sample. The grains with an aspect ratio of less tharefeonsidered columnar. kEig

3-7 (e) shows the plot of the columnarity of the grain structure against (F/V) in different P values.
While the laser spot size was kept constant, the higher values of (F/V) indicate that more powders
are fed into that dtance, which not only increases the deposition height but also provides more
nucleation sites. Therefore, at the fixed laser power, the higher the (F/V), the lower the
columnarity. On the other hand, at the fixed values of (F/V), the higher the powkeigllee the
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columnarity. The reason for the latter could be justified by the fact that higher laser power results

in a higher thermal gradient which | eads to hi
the higher laser powers result in deeper and wider poells observed in the current study and

others, indicating that more area of the ligaalid interface, which results in more epitaxially

growing grains that are the main portion of columnar grains of each[58icK59].

The hardness maps of the five selected samples are represented in fgurevBich the red
dashed lines show the melt pool boundaries. The hardness indentation pattern of Sample 1, as an
example, is shown in Figure&(a). As illustrated, all five hdness plots follow the same trend,
having the maximum hardness values at the top half of the bead, whereas the minimum values are
under the melt pool boundary, in the HAZ zone.
However, the value of the maximum hardness of each sample is different, as seen in-Bigure 3
(d) that shows the highest maximum hardness value (104 HV, Sample 3), and FBgimeti3at
shows the seconrdighest (99 HV, Sample 1). Interestingly, thesesamples with the minimum
columnarity that results in the finest grain structure based on Figurel8ll[60] showedhat the
hardness of polycrystalline materials, including copper alloys, is correlated to the grain size
through the following equation:

O 0 uvQfF (equation32)
where( and+ ar e materi al 6s ¢ on s {68.Mmhispropedynudtifies the s t h e
variation of hardness between the samples as well as across the deposition area by the observed
finer grain structures at the top of the bead in all samples compared to thecobansear
structure in the bottom of the melb@. From the hardness maps (Figur8)3the pure wrought
copper substrate is generally softer than the deposition zone, particularly in the HAZ (76 +4 HV)
in which the grain structure is coarser (see Figu8e(B)) as a result of the grain growsz2].
While the deposited tracks are composed of ~99% wt. copper, there is ~1% wt. chromium, that
apparently leads to precipitation hardening mecharig3h Moreover, the existing cellular
microstructure increases the hardness of the depositiofeatea
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Figure3-8 (a) Indentation map of sample 1;fjliVicrohardness maps of Samples 1 to 5. Thedashed
lines indicate the melt pool boundaries

3.2.3Results and discussions; cuboid geometry

Process parameter optimization of singkdayer multitrack

After optimizing the process parameters for single tracks, it was about the time to adjoin them
horizontally with a proper overlapping ratio throutle bidirectional (zigzag) strategy to form a
singlelayer deposition seo-calledi mul t i tr ackso. In that regard,
the ones introduced itne previous sectionplus the overlap ratio (ORyvhich is defined as the

ratio oftheoverlapping distance of two clads over the total distance from one end to the other. The
responses in thistudy are the average deposition heigft (), dilution (D), flatness ratio (S),

and surface roughness (Sa). Figue fhematically shows the geometrical characteristics of a
multitrack depositionTable3.3details the input variables and output responses of the DOE matrix

for the cuboid geometry.
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Figure3-9 LDED multitrack onelayer deposition and its geometrical characteristics

Table3.3the input variables and output responses of the DOE

Track Process parameters Geometrical measurements
NO.  (input variables) (output responses)

P(W) V(mm/s) F (g/min) OR  L.fum) Saum) D(%) S
1 1250 6 6 0.2 91.15 17.37 55.75 0.57
2 950 4 4 0.2 60 41 0 1
3 1550 6 6 0.4 163.47 32.25 56.15 0.61
4 950 8 4 0.6 193.23 33.13 0 0.43
5 1250 6 6 0.6 232.39 47.13 38.39 0.52
6 1250 8 6 0.2 71.13 15.83 57.70 0.50
7 950 6 6 0.4 205.59 55.7 0 0.26
8 950 8 4 0.2 56.93 31.51 0 1
9 1250 6 6 0.4 122.90 27.1 48.30 0.63
10 950 4 8 0.4 282.35 88.12 0 0.51
11 1550 4 8 0.6 615.88 243.17 4.34 0.88
12 1550 4 4 0.4 88.92 22.64 54.17 0.64
13 950 6 6 0.6 313.47 60 0 0.44
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45 1550 8 4 0.6 154.72 25.1 52.95 0.55

46 1250 6 4 0.2 76.86 20.79 49.60 0.70
a7 1550 8 4 0.2 59.02 11.96 74.68 0.56
48 1550 4 4 0.6 186.34 43.39 36.06 0.65
49 1250 6 4 0.6 213.10 50.9 26.19 0.60
50 1550 8 8 0.2 187.88 42.54 31.76 0.63
51 1250 6 6 0.6 235.54 52.49 38.078 0.64

Figure 310 (a) reveals a general view of geometrical measurement of a multitrack deposition by
microscope. After measuring all the responses, the RSM analysis was performed and optimizing
the process parameters is then followte compliance function was set to maxintize average
height("Q ) and minimizing both the flatness ratio (S), and surface roughnessw#ig keepingthe

dilution (D) in the range of 2B0% [48], [50]. The optimization solutionshown in Figure 30

(b), offered the set of process parameters for P, V, F, and OR to be 1500 W, 4.5 mm/s, 4 g/min,
and 0.4, respectively that altogether would result in the highest desirability critefia (nfirm

this set of process parameters as the optimum ones and validate the optimization procedure, it was
printed with three replicates, and the result is show&lifi (c). Themean values of experimental
measurements were in good agreement with both low and high 95% confidence levels of the

predicted responses.

a) responses and geometrical measurements of a multitrack otager
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¢ Flatness ratio:

S = (hmax-hmin)/hmax

¢ Dilution:

D= bavg/(havg + bavg)
* Average height:

havgzzghi/n [’
Linin

h"ltl.\’

* Surface roughness:

1
Sa =3 [[ Z(xyydxdy

b) 2D contour plots of desirability and optimization results

Desirability Sa (um) h-avg (um)
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: = Q)
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. >
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OR: 0.4
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c) validation of optimization results

Confirmation \/

Two-sided Confidence = 95%

Predicted

Std Dev n ‘ SE Pred ‘ 95% PI low‘ Data Mean | 95% PI high A
Mean | | |

Analysis

1
h-avg 298.232 28.2745 1 33.0176 229.93 315 366.534 B
Dilution (%) 21.9499 361594 1 402561 13.659 19.99 30.2408

‘ sa 72237 177657 205838 727542 92.92 11472
|| Flatess ratio  0.442854 00912731 100995823 023816 0544 0.647545 [SUETREEEEEE G

Figure3-10 (a) responses and geometrical measurements of a multitra¢t&y@ne(b) Optimization
solution and desirability plot, (¢) Confirmation test of the optimization results

Multi -layer build-up and trajectory planning

In order to build up a multilayer cuboid geometry, the multitracklaper needs to be deposited

on top of each other repeatedly using the optimum set of process parameters. Yet, even if the single
layer height is uniform, which is practically not, th@getimposition of single layers seldom leads

to a high dimensional accuracy over multiple layers. More specifically, in robotic LDED systems,
the movement of the robot arm during deposition can be categorized into three distinct phases:
initial accelerationto attain the desired speed, consistent uniform motion, and eventual
deceleration as the process concludes. In the acceleration and deceleration phases, employing a
reduced scan speed contributes to elevated heat input. As a result, this translataacnéased
deposition rate and heightened accumulation of heat. Furthermore, insufficient deposition rates in
proximity to edges primarily trigger deviations and the emergence of raised formations during the
build-up process. [31]. Therefore, proper builal strategies and techniques must be considered

for tool path trajectory planning to reach near net shape of the desired geometry.

Figure 311 shows the schematics of the multiple techniques that were implemented in tool path
trajectory planning along with their effect on the shape accuracy. As showrune Bij1 (a), in

this study, the zigzag deposition strategy withd@@ree rotation in the deposition direction
between each layer is selected as the standard infill method. The unidirectional strategy (offset
pattern) was not chosen due to the low deposition &gral inward/outward pattern is also not
suitable for regular cuboigeometries because they cause varying-saagth and potentially

higher heat accumulation near the center due to shorter cooling intervals between overlapping laser
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passes. In addition, as depicted inufgg311 (b), the starting point was constantly rotated after
each layer to balance out varying deposition height in each layareR3d1 (c) shows the profile
contouring after the infill deposited layer and its effect that was considered to avoid the common
domeshaped issue. In fact, due to the lower deposition rate at the edges of the cuboid, the
perimeter remained unfilled to some exteshich was tackled by adding otiee contouring with

a proper amount of oviap with the previously deposited infill layer. Although the profile
contouring maintained the squareness of the cuboid-dguilit resulted in arisen corners due to

the higher deposition at those regions. Thus, as shown umeFgL1 (d), for the corners of the
contourés path an arc with a radius of 0. 7mm,
This resulted in avoiding sharp corners which creates a delay in changing direction and therefore
higher deposition at the cars. All the aforerantioned techniques were employed to reach the

cuboid buildup with acceptable shape accuracy shown inréig11 (d).

a) infill zigzag trajectory with 90° rotation of scanning 11733.41ym
10830.84
direction between layers 9025.70 : . !
g Rl e
7220.56 'llw *I ‘“. .’_’f ,-*'. .
l 5415.42 '

LDED hea
3610.28

. | 1805.14
‘ ' 31‘61 4l||
] 0.00

: v L

b) addition of laser start point rotation between layers

11733.41pm

LDED head

‘ ' 1t 2nd 3rd 4th
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c) addition of profile contouring around the perimeter

LDED hea ‘ ‘ I
Contour Infill
W

lst

8497.03pm

d) addition of radial pathway at the corners of the contour] [Bl5see

6536.18

5228.94

3921.71

2614.47

1307.24

0.00

Figure3-11 Schematic of the strategies that have been considered for tool path trajectory planning; (a)
infill zigzag trajectory with 90° rotation of scanning direction between layers, (b) the effect of start point
rotation for the laser on geometrical accuracy, (c) the effect of addition of profile contouring around the

perimeter, (d) the effect of additiaf radial pathway at the corners of the contours

Defects and processability map

Beside the process parameter optimization and correct toolpath trajectory planning, there are some
other issues that appear through multilayer fabrication and need to be tackled. As such surface

dimples have been seen on the top layer of some specimespeitliic process parameters. In

that regard, investigation has been conducted on the effect of process parameters on the surface
dimples effect and results have been illustratedgaré 312. Using the set of process parameters

that was optimized for nitrack singlelayer and the coorect tool path trajectory, surface dimples

was appeared as shown in Figurg2fa) from top view and in the cressction. Yet, increasing

the laser power from 1500 to 2000 W resolved this issue. Moreover, in anothehoaseirs

Figure 312(b) increasing the scanning speed from 4 to 8 mm/s also resulted in disappearing these

defects. After giving a precise look at the cross section of the samples and putting all the parameters
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together, it was concluded that the source of the surface dimples is in fact the lack of fusion, which

is one of the most common issues in LDED.

LOF porosity can be identified by its large and irregularly shaped podedten contain unmelted
powder particlesimilar to what have been observed from the cross section of defective samples
in Figure 312 These defects are normally attributed to incorrect processing parsiaetiéor
condition such as oxidation during the deposition process that is the case in this study as the process
take place in ambient atmosphened decrease the efficiency of input enesggh that not all
powderarecompeletlymeltedor the previously deposited layer not sufficiently remelted to fuse
with the new layerFor theCuCrZr multilayerprocessing parameters investigasedit can be

readily observed that LOF porosity occupies the low laser pamerlow scanning speed that
leads to high F/V which indicate the amount of powder that are fed to the meltpool and the
deposition thickness. It is worth mentioning that although the lower scanning speed increase the
energy density to some extend, its eff@e F/V value is stronger based on the observations in this
study. This behavior agreesell with the general hypothesis that poitdslow power inputper

amount of materiabr dternatively low energy density as the primary source of LOF porosity

a) effect of Laser power on the surface dimple defects:

:, 4.5 mm/sd B

4 g/min

b [2000, 4.5 mos,

4 g/min

b) effect of scanning speed on surface dimple defects:
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Figure3-12 effect of laser power and scanning speed on surface dimples

In that regard, Tang et §65] developedhe Equation 38 thatpredicts the LOF defetiappening

based on the geometrical parameters and characteristics of the melt pool:
- — p (equation 33)

in which h is the deposition height, b is the melt pool penetration depth, H is the hatching distance,
andW is the melt pool widthBased on this equation, measurements were conducted on some
defective and fine samples and results are plotted in Figli8anhere four samples were selected

for porosity analysis using CT scan technique. As shown in the plot both sample 1 and 2are insid
the LOF quadrant which do not have any sign of LOF defects, while the sample 3 and 4 are located
in the outside of the terion and have noticeable amount of LOFs. These results show that the
CuCrZr buildup follow the LOF geometric criterion very well. As attained in the optimization
procedure, the H/W (OR) value was defined to be 0.4, which consequently tlieavaslit pool
penetration deptndthe deposition height athe only crucial parametsr Where the former is
mainly controlled by the laser power and the later is defined by F/V value. Therefore, maintaining

a constant value of energy density, which is the ratiotofF?V, can avoid LOF in CuCrZr build

up.
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Figure3-13 Lack of fusion map of cuboid samples

Vaporization

The nature of a high intensity laser beam with high power densitgest{%/mnm?) and short
interaction times (micro to milliseconds) leads to vaporization and ejection of molten material
during the deposition process which are not desirableDIED and more preferable for laser
drilling/cutting[66]. This vaporization results in a loss of alloying elements and keyhole formation
particularly in multilayer build up that adversely affect the mechanical properties and
microstructure. As shown ias seen ifrigure 314 (a), vaporization took place due to too much
power (from 1800 to 200@/) per low F/V values (from 0.003 to 0.0§6nm) that leadexcessive
energy density and evaporation of material from the substrate instead of deposition.

Balling

Balling, which is the formation of the small balape discontinuous deposition of melted powders

on top of the substrate or previous laj@&f], was observed in the singleyer multitrack samples.

In fact, whenever the laser power is not sufficient to melt the both substrate and powders together,
a stable melt pool cannot be formed and only partially melted powders that have relatively high

solidi liquid interfacial free energy join together and poorly connect to the substrate instead of
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properly wetting it as seen Figure 314 (b). The parameters that cause balling in sHi@yer can
often bring about defects when they are used for multilayer buildup. These defects include large

pores, inclusions, and poor surface roughif@8s

a) vaporization in LDED of CuCrZr samples: b) poor wetting in LDED of CuCrZr samples:

1 mm

Figure3-14 vaporization and poor wetting as results of excessive and insufficient power per F/V,
respectively.

General processability map

Placing all the data together, the general processability map of CuCrZr via LDED technique is
drawnbased on the key process parameters of laser power (P) per F/V values. As seen in the yellow
region, the green straight line shows the minimum laser power of 1100 W that is needed for the
fed powders to properly melt and wet the previous layer/substrat®m@n a stable mefiooland

avoid the ballinglefect. Above the green line in the blue region, the blue line is fit to the data that
have a few LOF defegtand draws the boundary between the blue and green regions, which define
the LOFrich and fine deposition regions, respectively. In the green region, only few spherical gas
porosily wasseen in the samples, that is common and acceptable in LDED as there are always gas
pores that are entrapped in the powder particles and/or oxidation during the process. Separated by
the red line from the green region, the red region stands for too Higds\& power per relatively

low values of F/V that results in vapaaition of the powder and substrate material which is not a

desirable phenomenon in LDED. Therefore, as shown in Figlitet8 correctly deposit CuCrzZr
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alloy and avoid the aforementioned major defects/instabilities, both the P and F/V values must be

kept in the green deposition region.

Evaporation

Optimum zone

3 mm

§ 4 mm

: 0.013 0.018
3 mm f/V (g/mm)
Figure3-15 General LDED processability map of CuCrZr alloy

Grain structure analysis

The microstructure of the LDED deposited samples is directly influenced by the main process
parameters. As such laser power, scanning speed, powder feed rate, and number of layers are the
parameters that have been frequently identified as the key paranefkrencing the
microstructure during multilayer deposit{éii], [69]. In a single melt pool, solidification is

directly influenced by the laser power, scanning speed, and feed rate that altogether control the
geometry, thermal gradient, solidification speed, and number of nucleation sites. On the other
hand, during the mtilayer buildup process with LDED, the multiple deposition of single layers

on top of each other leads temelting and inducing thermal cycles in the previously deposited

material that leads to recrystallization and grain growth in the microstrj6é&jre

To identify the effect of process parameters on the microstructure, five cuboid samples are printed

with almost the same height but different process parameters that are still in the green region of

the processability map, and results from EBSD analygisshown in Figure -36. The grain

structure of all the samples with their process parameters are illustrated in Figuf&)3n which

highly columnar grains are grown from the fusion zone interface with the substrate towards the
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curved top surface of the deposit. Near the boundary of the pool, where the pool is nearly
orthogonal to the observed cresection, the grain growth direction is approximately in plane with

the transverse section, as a result of epitaxial grain growthaniesstn and high values of/i&

[70][58]. Yet in the very top region and close to the surface, fine equiaxed grain structure can be
seen due to the relatively low values dR@nd more nucleation sitg&l], [72]. A certain area of

the deposition region in the samples is selected for further analysis. The average grain size, average
number of grains, and columnarity of the grain structure are illustrated in Fiduer€l3}. Based

on the average grain sizeresutsa mpl e 36s grain structure 1 s si

while its average number of grains is much smaller.

It is possible that the lower value of F/V, which identifies the amount of powder that is fed to the
melt pool distance, leads to a reduced number of nucleatiof58{e$59], which contributes to

the number of grains and therefore their size. Additionally, a higher number of layers in sample 3
resulted in more cycles of reheating and cooling of the previously deposited material, and this in
turn affects the temporal evolutiai the grains and their sizes. The proposed mechanisms are
further supported by the observation of a higher columnarity of the grain structure in sample 3.
This suggests that the factors influencing the growth of the grains in this sample are consistent
with the proposed mechanisms and highlights the importance of considering multiple factors in
understanding the evolution of grain structure. Therefore, different grain structures, which
influence the mechanical propert[@8] can be achieved for the same deposition height while still

being in the optimum processing window.

a) EBSD maps of the five samples with their process parameters table
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— = analyzed region

— = deposition interface
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b) grain structure analysis results

W Avg grain size(um)
200 F m Avg No grains
H Columnarity(%)
150
100
50
0

1 2 3 4 5

Figure3-16 Microstructural analysis of multilayer CuCrZr (a) EBSD maps and process parameter table of
the five samples with almost the same deposition height, (b) Grain structure analysis results
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3.3 Laser directed energy deposition of IN625 powders
A similar systematic investigation has been done for LDED processing of IN625 to optimize the

process parameters hierarchically from single tracks to multilayer cuboid geofrtegrgame
methodology of statistical optimization as for CuCrZr was followed, and the analysis results for

each step are illustrated in the following.

3.3.1Single-track deposition and optimization
Figure 3.17 briefly illustrates the optimization of the main process parameters, which are laser

power (P), powder feed rate (F), and scanning speed (V), the procedure for single tracks. Here the
responses are deposition rate (DR) and dilution (D). Duketdimited thermal conductivity of

IN625 and to avoid too much heat accumulation a theoretical criterion of laser energy per feed rate
(LEPF) has been defined, which is directly calculated based on the following equation:

0 00 "AFw 0 (equation 34)

In fact, it has been frequently reported that high values of LEPF lead to high thermal gradients that
consequently result in a high amount of residual strd889¢swhich is detrimental, as discussed

in chapter 2. Based on the optimization solutions offered by the statistical model, it has been found
that the optimum set of parameters is as follows: P:(886F:10(g/min), V:5 (mm/s) which is

shown by the green point in the contour plot.

RSM analysis and optimization Validation and process window

P=954,F=10,V=5

Compliance function

Response Goal Weight Importance 1

DR Maximize 1 1
D Minimize 1 1 o0,
LEPF Minimize 1 1 T T
Response Predicted Mean SE Pred | No. of replicates = 95% Cl low | Exp. Mean | 95% CI high
- . DR 4.32 0.14 3 3.99 4.57 4.68
Solutions YO 59.69 237 3 s | 5073 | 520
P ¥ v DR D LEPF ) | 596 & : | 5410 | 5973 | 6S2
1 954.545 10 5.00000 4.32304 59.6988 1.16244 Contour Plot of DR, D, LEPF
10
896.059 10 5.00000 4.03878 58.9823 1.08529
895.890 10 5.00000 1.03795 58.9808 1.08506
8
1 895.795 10 5.00000 1.03748 58.9799 1.08494
5 895.700 10 5.00000 4.03701 58.9790 1.08482 > ¢

6 895.444 10 5.00000 4.03575 58.9766 1.08448

998.198 10 5.00000 4.53025 60.4528 122035 4

8 920944 10 5.89401 392974 62.5052 095102

92 526.661 10 5.00000 2.06740 62.2318 0.60969

Figure3-17 Optimization of process parameters for LDED processing of IN625 single tracks
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3.3.2multitrack single-layer

Further, similaprocedure has been conducted to optimize the process parameters fdagargle
multitrack, and the compliance function was set to minimize the flatness ratio and dilution while
maximizing the average height with minimum LERFs worth mentioning that for this case, the
hatching distance has been considered directly as an input parameter instead of the overlap ratio,
as the melt pool width was found to be in the rapigE500 to 3000 pum in the range of the input
parameters and a function of both P anéigure 318 shows the optimization procedure of single

layer multitrack and validation of the optimization results. Based on the analysis, the optimum set
of process parametease as follows: P:50W), F:10(g/min), V:5 (mm/9, and H:0.83mm) which

yields to overlap ratio of 0.5

a) optimized process parameter window
Contour Plot of D (%), FR, LEPF, h_avg
Compliance function 10 D
— &)
----- 60
Response Goal Weight Importance S
h_avg Maximize 1 1 0.6
----- 0.7
D Minimize 1 1 LEPF
R S - — 04
LEPF Minimize 1 1 s ¢ T o8
s Minimize 1 1 h ave
450
----- 700
F 10
2 H 083
Optimization solutions 200
P F v H D S LEPF h_avg
1 500.000 10.0000 5.00000 0.836066 54.8279 0.640462 0.53937 575.197
2 500.000 10.0000 5.00000 0.836066 54.8279 0.640462 0.53937 575.197
3 500.000 10.0000 5.00000 0.836066 54.8279 0.640462 0.53937 575.197
4 500.000 10.0000 5.00000 0.836066 54.8279 0.640462 0.53937 575.197
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b) validation of optimization results

R Predicted Mean | 95% CI low | Exp.Mean | 95% CI high
h_avg 575.20 420.92 612.05 729.52
D 54.83 47.55 54.90 62.11

0.64 0.33 0.65 0.95

NSO ——t
: 1000pm

Figure3-18 optimization of process parameters for LDED processing of IN625 diangge

3.3.3multilayer cuboid buildup and microstructure

Having the optimum set of parameters for a single layer of a cuboid geometry, a multilayer build
can be exercised to fabricate the cuboid geometry. Therefore, the same tool path strategy optimized
for the CuCrZr cuboids was implemented to fabricate -nelashape cuboidgrigure 319 (a)
illustrates the 3D scanned view of the fabricated culatddg with its etched crossection in

which the columnar dendritic microstructure is magnified and shown in Figure 3.19 (b).

100}

1000pm

(@) (b)
Figure3-19 (a) LDED multilayer cuboid build up of IN625, (b) solidification microstructure
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3.4 Summary and conclusions
In this chapter additive manufacturing of CuCrZr and Inconel 625 alloys have been exercised

separatelyia LDED-PF processThe present studynvestigatesoptimizing the key process

parameters, printing strategy, and developing the optimum processing windowhe scale of

single track to multilayer, which altogether resultsl@iectfree products CuCrZr alloywas the

focus of this part of the study due to gteallengs associated with its laser processing as a result

of itshigh heat conductivity ahlow laser energy absorpticalong with the big gap in the literature

for LDED of this material In addition, microstructural characterization has been done to

comprehend the impact of key process paramekbesresults of the study can be summarized as

follows:

1)

2)

3)

4)

The process parameter optimization has been done for each alloy hierarchically from single
tracks to singldayer multitrack through RSM methpdnd the optimized set of process
parameters are in good agreement with the model predicted values with ~95% low and high
confidence intervals.

Tool path trajectory planning has been conducted to reach the propeubwstchtegy that

leads to acceptable shape accuracy. For the infill of the geometry, the zigzag strategy with 90°
rotation of deposition direction in which the start point alsotestebetween layers is
considered. Further, to compenshiethe unfilled perimeter, profile contouring around the
perimeter after each infill deposition was considered witadial pathway at the corners to
avoid the bumps that happen as a result oflaaten and deceleration of the robotic arm.

For CuCrZr alloy, the general processability map was drawn as it was a gap in the literature
and by putting all the data together and based on the P against F/V parameters.

The grain structure of the deposition mainly consists of big columnar grains that nucleated
from the fusion zone and grew up to the very top layer through epitaxial grain growth
mechanism. Yet on the very top layer and close to the surface the fine aaxkedqgrain
structure has been observed due to the relatively lower values of G vs R and more nucleation
sites. Depositing new layer provides reheating and cooling for the formerly deposited layer

that leads to grain growth and increasing the grain size.
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Chapter 4. Devel opment-CwC€r Zmcomadi &r2t5

4.1 Introduction
The aerospace industry desires to develop new advanced materials that offer a longer service life

There is an evolution in the AM sector to manufactadti-functional partsmade ofmultiple
materials that each enable functionalityThe concept of Functionally Graded Additive
Manufacturing (FGAM) has been introduced recently by which diffegeadientsn the form of
eithercontrolled porosity, orientation, microstructure, or compositian be fabricated-or the
aerospacendustry, cooling theomponets that are mainly made of fased superalloys such as
IN625 can be challenging due to their limited thermal conductiVitgrefore there is interest
usinga highly heatconductive material like CuCrZr in some sectionshef componentsuch as
cooling channelgo ease heat dissipatiavhile maintaining strength arabrrosionresistanceln

that regard, DED technologyhas shown its capability tbe employed for FGAMof IN625
CuCrZr. Yet, this material systems difficult to beprocessddue tolarge thermophysical property
mismatch and higheflectivity issues at near infraregavelengths for GarZr.

This chapteiinvestigateshe process routtor FGAM of IN625-CuCrZr using amulti-powder
feeder LDED system In situ alteration of the composition followed by process parameters
adjustment through various layers is practiced with different types of composition transition to
study FGAM of such material system in both macro and micro scales.

4.2 FGAM of Inconel 625 CuCrZr
The initial set of lasedeposited gradients considered in this study consisted of transitions between

IN625 and CuCrZr alloyeither by a sharp or gradual compositdrange This type of FGAM
wasfabricated prior to the start of this thesighe aerospace sectd®], [20], butonly in sharp
compositional transition cases, whileeir characteristichad not yet been reporteand there is

no systematic study on their fabrication and challenges in the literature

4.2.1Powders
Gasatomized IN625 and CuCrZr powders were used as feedstock materials in this study. The

chemical compositianof both powdersareshown in Tabled-1, and Figured-1 illustrates their
morphologies and particle size distributions (PSD). Both powders are mainly spherical with a

sparse number of attached satellite particles, according to the SEM micrographs. As shown in
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Figure4-1, the PSD of the powders is in the range of 50 to 125 pum for IN625 (D50 = 7&nam)
30 t090 um for CuCrZr powders (D50 58 um).

2)]
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4 16 64 256
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Figure4-1 Particle size distribution and morphology of feedstock powders; (a) IN625, (b) CuCrZr.

4.2.2L-DED processing setup

An in-house developed roboticsED system, shown in Hige 42, was used to perform the

experiments. The systers equippedvitha 1 kW f i ber | aser, dual

coaxial nozzle. A |l aser spot diameter of 1.

Figure4-2 In-house robotic tDED system equipped with a coaxial nozzle and a dual hopper powder
feeder system
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