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Abstract 

Significant advancements over the past decade have transformed metal additive manufacturing 

from a prototyping tool into a full-fledged production process. These developments have enabled 

the use of lighter, stronger, and more cost-effective additively manufactured 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 structures, eliminating the need for additional joints. In that 

regard, Functionally Graded Additive Manufacturing (FGAM) is a layer-by-layer process that 

varies composition and/or microstructure within a component to achieve locally tailored 

properties. A new class of FGAMs combining highly heat-conductive CuCrZr alloy with Inconel 

625 superalloy has gained considerable attention for aerospace applications, leveraging the 

formerôs high heat dissipation and the latterôs excellent mechanical properties. This can be done 

through the Laser Directed Energy Deposition (L-DED) technique; however, the implementation 

remains a material-processing challenge due to the noticeable thermophysical mismatch between 

the two alloys. 

This dissertation provides a comprehensive investigation into the FGAM of IN625-CuCrZr alloys, 

encircling process parameter optimization, gradient path development, and microstructural and 

defect formation analysis through advanced characterization, CALPHAD-based thermodynamic 

simulations, and finite element modeling. In that regard, process parameters have been optimized 

from single-track to multilayer scales, and the effect of process parameters on the microstructure 

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

Further, the FGAM of IN625-CuCrZr has been exercised for two geometries of thin wall and 

cuboid, incorporating both sharp and gradual compositional transitions. Sharp 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 formation of distinct Cu-lean and Cu-rich phases in the microstructure, a 

phenomenon predicted through CALPHAD-based thermodynamic simulations. The formation of 

solidification cracking in the gradient region of the cuboid geometry was further investigated using 

Kouôs cracking susceptibility criterion.  
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In support of these findings, a multi-step numerical investigation of heat transfer in both thin wall 

and cuboid geometries was conducted using finite element analysis. First, a hybrid statisticalï

numerical thermal model was developed and implemented in the scale of single tracks through 

user-defined subroutines (DFLUX, USDFLD, and FILM) in Abaqus software. This model enabled 

high-fidelity prediction of melt pool geometry and thermal history and was validated against 

experimental melt pool dimensions and in-situ thermocouple measurements. Subsequently, the 

validated heat source model was used to simulate the thermal behavior during FGAM processing 

of both geometries. The thermal simulations highlighted the critical role of geometry on cooling 

rates and temperature distributions, providing deeper understanding into cracking behavior and 

how geometry-dependent thermal history influence microstructure and defect formation during 

FGAM of IN625-CuCrZr alloys.  

Overall, this work establishes a robust experimentalïcomputational framework for FGAM of 

dissimilar alloys using L-DED process. It introduces a scalable strategy for depositing functionally 

graded IN625ïCuCrZr 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, solidification behavior, and cracking mechanisms lay the 

groundwork for future microstructure design and process control in metal additive manufacturing. 
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Chapter 1: Introduction 

1.1 Motivation  

Over the past twenty years, the principles of laser cladding have been adapted to create freeform 

laser-directed energy deposition (L-DED). Advances in L-DED technique have allowed for the 

creation of functionally graded metallic parts with tailored compositions and microstructure in 

three-dimension, known as functionally graded additive manufacturing (FGAM). This capability 

is particularly useful for creating complex net-shaped parts with precise control over the choice of 

alloy and its resulting properties, all in a single step. There is a growing need for advanced alloys 

with specialized properties, especially for demanding applications like aerospace structures and 

the energy sectors. 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 weight is to use multiple cheaper or lighter-weight alloys 

instead of a single one, wherever possible. But this has traditionally required the use of fasteners 

or welds, which come with their limitations and vulnerabilities. L-DED 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 is on employing the L-DED to respond to the need of aerospace industries 

for the fabrication of parts that have a highly heat-conductive copper alloy on one side and Ni-

based superalloy on the other side through one manufacturing step. The main challenge of 

fabricating such a component is the high thermophysical property mismatch between the two 

alloys. This can lead to severe residual stresses and delamination at the composition transition 

interface, which can be tackled by gradually varying the composition from start to finish. 

This capability has already been realized and demonstrated previously on other material systems 

in the literature [1], [2][3], [4]. In that regard, multi-powder feeder L-DED enables the in-situ 

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 defect-free bonding a nontrivial exercise. Yet, what is lacking in the L-DED 

approach is the dedicated consideration of the problem in the contexts of processing and 

metallurgy to reach defect-free functionally graded parts in both macro and micro scales. Suppose 

a universal approach is to be established for additive-based compositional grading; in that case, it 
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must address each alloyôs properties and physical metallurgy to identify what prevents them from 

being joined or graded together in a defect-free part. Once these issues are generalized, strategies 

can then be conceived to overcome them with the unique capabilities afforded by additive 

manufacturing. 

1.2 Objectives 

The principal objective of this proposal, which is both conceptual and experimental in nature, is to 

develop a pragmatic approach to the successful functionally graded additive manufacturing of 

dissimilar alloys. 

In doing so, the following steps are considered as sub-objectives: 

¶ Investigating the additive manufacturing of each alloy via L-DED 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 successful defect-free gradients based on 

experimental efforts and via unique capabilities of additive manufacturing processes, 

particularly L-DED. 

¶ Studying the microstructural evolution of the FGAM part via a series of experimental 

characterization methods 

¶ Unveiling the defect formation mechanism in the FGAM process using advanced experimental 

characterization and CALPHAD methods 

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

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

samples in cuboid and thin-wall geometries 

1.3 Outline of the thesis  

The proposed research is summarized as follows: The research goal is identified and introduced in 

Chapter 1 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 of as-printed 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 reviewed at the 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 mainly on L-DED 

of CuCrZr alloy, as there is no piece of work on this subject in the literature. The results, including 

process parameter optimization and microstructural characterization from single track to 

multilayer cuboid geometry, are presented in this chapter. 

Chapter 4 experimentally investigates the FGAM of IN625-CuCrZr in both sharp and gradual 

composition transitions via L-DED technique, utilizing the optimum process parameters from the 

previous chapter.  

Chapter 5 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 in inhomogeneity 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 in-depth analysis of lack of fusion and solidification cracking defects 

observed in the cuboid sample and highlights the role of the miscibility gap in solidification 

phenomena, as well as promoting these defects. 

Chapter 7 presents a new hybrid statisticalïnumerical approach for finite element simulation of 

the material deposition and temperature distribution during the L-DED process at the single-track 

scale. The model accurately captures the time-dependent 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 histories of the 

thin wall and cube geometries, simulated by the 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. 
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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 control, defect analysis, and thermal 

modeling of the L-DED process for FGAM of IN625ïCuCrZr. Additionally, this chapter outlines 

several recommendations for future work, emphasizing opportunities to further enhance process 

reliability, mechanical performance, and modeling capabilities. 
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Chapter 2: Background & Literature Review 

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 

microstructure [5]. The concept was first introduced in the 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 metal-ceramic FGM that has an interface that 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 issues [6]. 

2.1.1 Types 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. Figure 2-1 schematically illustrates the different forms of 

FGMs along with the way that gradual transition takes place, i.e. either stepwise or continuously.  
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Figure 2-1 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), (g) and (h) schematics illustrate continuous 

FGMs with smooth change in grain size, fiber orientation and volume fraction of precipitations [7] 

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 thermal barrier coatings. 

Yet, due to their slow deposition rate, these methods are not suitable for manufacturing bulk FGMs. 

On the other hand, powder metallurgy was found to be useful for fabricating bulk FGM parts. 

Powders are mixed and pressed based on the desired compositional distribution for the part and 

finally consolidated with some heat treatment steps, such as debinding and sintering. Due to the 

methodôs limitations, the size and shape of FGM parts are limited, and porosity always exists as a 

drawback for this method. As sintering temperatures and time vary based on the materials, it is 

challenging to consolidate a multi-material part. In the fabrication of FGMs, AM has shown its 

fantastic capabilities with the transition from one material to another via many steps and over a 

longer distance [2].  
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2.1.2 Additive Manufacturing of Functionally Graded Materials   

Dissimilar to the above-mentioned conventional methods, AM techniques have the great ability to 

manufacture bulk FGMs with complex geometries. While conventional methods were focused on 

fabricating ceramic coatings, composites, and simple linear gradients, the AM techniques, which 

are quite cost-effective, have shown their capability in tailoring geometrically complex metallic 

gradients with a high resolution in compositional changes. Additive manufacturing of functionally 

graded materials, also known as functionally graded additive manufacturing (FGAM), 

encompasses the gradual mixing of materials to manufacture a free-form component with variable 

properties that can simultaneously benefit from the advantages of both AM and FGM.  For 

instance, commercial laser AM systems are reported to be able to achieve compositional change 

resolution of 1% with each layer [8]. This capability results in a finely smooth gradient in 

microstructure and composition through which the detrimental defects in dissimilar metal joining 

such as cracking, distortion, and residual stresses that lead to failure during the process or degrade 

a jointôs service performance will be tackled [9]. 

FGAM has multiple forms based on the need and specific AM fabrication technique. Figure 2-2 

represents the general schematic of the FGAM concept, Figure 2-2 (a), and its different types of 

compositional gradients. Figure 2-2 (b) illustrates a sharp gradient that is similar to the interface 

of welded parts, where composition abruptly changes, and it is applied in the bimetallic AM 

component. However, here the key difference is a layer of powder melts and bounds to the 

substrate individually, and higher thermal history is introduced in the bimetallic part, which 

altogether results in better bounding between the two alloys. Figure 2-2 (c) represents a smooth 

gradient where the alloy (B) has changed gradually and in small steps to alloy (A). A multi-gradient 

FGAM, where one gradient is printed more than one or two times is shown in Figure 2-2 (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 2-2 (e). As an application for this type, where more than two materials are desired based on 

the application need or the two main materials are greatly incompatible that a filler alloy is needed 

to ensure a safe transition. Except for the first type of FGAM, which is achievable by both powder-

fed and powder-bed processes, the rest gradient types are only possible through powder-fed AM 

processes due to the unlimited capability of simultaneously depositing different powders. 
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Figure 2-2 (a) Schemas of FGAM process, (b-d) different types of gradients[10], [11]. 

2.1.2.1 Powder-bed 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 previously built layers. This process will be 

repeated layer-by-layer until the entire CAD file is fabricated. Among powder bed additive 

manufacturing processes, laser powder bed fusion (L-PBF) is very well-developed and identified 

as a versatile technique which is also known as selective laser melting (SLM) and direct metal 

laser sintering (DMLS). Figure 2-3 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 strength-to-weight ratio, it cannot simultaneously use 

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 needs to be changed to the other 

alloy, and print will be resumed to reach a bimetallic part with a sharp gradient similar to Figure 

2-2 (b). This process has been frequently reported to be used for manufacturing bimetallic FGAM 

parts made of dissimilar alloys such as different classes of steels, copper to steel, Ni-based 

superalloys to steel, and copper to Ni-based superalloys[10], [11] [12]. 
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Figure 2-3 Schematic of laser powder bed fusion; from the process to the laser powder interaction and 

melt pool generation 

2.1.2.2 Powder-fed additive manufacturing process 

Powder-fed additive manufacturing is a process in which metal powders are fed into a heating zone 

that is actively scanned by a laser beam, which subsequently led to generating a melt pool. This 

process is also known as Laser Directed Energy Deposition (L-DED) powder-fed 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 been used for a variety of applications such as repair and cladding, rapid 

prototyping, manufacturing moderately large and complex geometries [13], [14], and functionally 

graded materials [2]. Among AM techniques, the L-DED-PF has been found to be the best 

candidate for FGAM application due to its unique ability to adjust the feedstock material in situ 

and relatively small feedstock loss. Using L-DED-PF technique, there have been several material 

systems implemented in FGAM applications that are briefly explained in the next section. 
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Figure 2-4 Schematic representation of the LDED process [17] 

2.2 Metallic systems in functionally graded additive manufacturing  

The FGAM concept has gained much attention amongst researchers for several material systems. 

Titanium-based alloys, different types of steel, nickel, and copper alloys are among the most 

reported material systems used via L-PBF and L-DED processes. Table 2-1 briefly summarizes 

the common material systems that have been implemented in FGAM, along with their application. 

Yet, among different metallic systems, gradients made of copper to Ni-based superalloys have 

gained significant interest to be investigated more and it is the focus of the current proposal, which 

is discussed thoroughly in the following section. 

Table 2-1 FGAMs of different material systems with their application 

Material systems Application 

Ti-based to refractory metals (Nb, Mo, Cr, 

V) 

ɓ-Ti stabilizer and exceptional mechanical properties, in 

biomedical and aerospace industries[3]  

Ti-based to Fe-based alloys high-quality joints in nuclear/aerospace industry[15] 

Fe-based to Ni-based alloys Improving corrosion resistance and mechanical properties, 

automotive and oil industry [16] 

Ni-based to Ti-based alloys Thermal protection and reduced thermal stress, aerospace and 

oil industry [17] 

austenitic to ferritic steels limiting carbon diffusion and better joints, nuclear and fossil-

fired power plants [2] 

Fe-based to Cu-based alloys Easing the working temperature, dies and molds, tool industry 

[18] 
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2.2.1 Copper to Nickel-based superalloys gradient 

Copper and its alloys are excellent options 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 high-temperature alloys, recognized as Ni-based super alloys, with high 

mechanical strength at elevated temperatures. Oxidation resistance is another advantage of nickel-

based super alloys. Combining the superior thermal properties of copper and the high-temperature 

strength of Ni-based superalloys can result in an FGM component that benefits from long cycles 

of service under harsh environments. This material type FGM, has recently caught industries that 

need high heat-flux cooling, such as the aerospace industry. Figure 2-5 shows some Cu-Ni 

superalloy FGM parts, which are additively manufactured due to their complex geometries. 

[19][20] 

 

Figure 2-5 Application of Cu alloys to Ni-based superalloys FGAMs; A: combustion chambers of liquid-

fuel rocket engines, B: liquid-fuel rocket nozzles.[22], [23] 

2.3 Functionally graded additive manufacturing of Inconel 625-CuCrZr  

CuCrZr alloy has excellent thermal and electrical conductivity and relatively high hardness and 

strength, making it an excellent option for applications that need high thermal conductivity and 

oxidation resistance [21]. Inconel 625 is a well-known superalloy that has high corrosion resistance 

and mechanical strength up to 650 °C, which drops significantly and constrains their applications 

in high heat flux cases such as rocket engines and nozzles [10][22]. Therefore, it would be 

beneficial in 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 strength [19]. 
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Yet, in terms of the manufacturability of such FGM components, some major challenges urge 

studying the L-DED processing of each alloy first.  

2.3.1 Additive manufacturing of CuCrZr  

Due to their outstanding thermal and electric conductivity in combination with wide-range alloying 

abilities, copper and its alloys are highly significant in the development of new electronic and heat-

exchanging units, e.g., in electro-mobility 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 properties. In that regard, one of the robust 

precipitation-hardening Cu alloys is the CopperïChromiumïZirconium (Cr: 0.5ï1.2 wt%; Zr: 

0.03ï0.3 wt%) which offers high electrical, thermal, and mechanical properties that recently 

gained significant attention from AM industry for fabrication of electrical components such as 

motor rotors, commutators, and heat-transfer parts such as heat exchangers. However, additive 

manufacturing of CuCrZr is not without its challenges. [23],[24] 

Challenges 

The main challenge during L-DED of CuCrZr powders is to reach the complete and defect-free 

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 melting of the surrounding material. Therefore, with an inadequate local 

energy supply, the L-DED of CuCrZr is associated with the risk of not reaching dense and defect-

free components. [25] 

Microstructure  

As shown in Figure 2-6, within this alloy Cr precipitates are formed during solidification or aging 

based on the temperature and cooling rate. Also, fine cellular/dendritic structure, which is a typical 

microstructure in laser processing of alloys, within a solidified melt pool is visible in Figure 2-6 

(c). The formation of a cellular solidification structure oriented parallel and perpendicular to the 

image plane is a result of high values of a local thermal gradient, G, and relatively low 

solidification rate, R, that leads to a relatively high G/R ratio which in turn controls the 

solidification microstructure. [26] 
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Figure 2-6 (a). SEM image and EDS line scan profiles of Cr KŬ intensity on the horizontal cross-sections 

of the as-fabricated LPBF CuCr specimen, (b) optical microscopy image of Cr precipitates in cast 

CuCrZr, (c) formation of a cellular solidification structure oriented parallel and perpendicular to the 

image plane, and (d) formation of (probably) ZrO2 on the nano-scale. [28], [30] 

Figure 2-7 shows SEM images of backscattered electrons (BSE) of the grain 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 2-7 (b) reveals that elongated grains were formed along the building 

direction with lengths exceeding 10 ɛm. A deviation of the elongated grains compared to the 

building direction of about 40Ǔ is visible within the BSE images. Perpendicular to the building 

direction, in Figure 2-7 (a) the grains are smaller and equiaxed. Figure 2-7 (c) shows the Inverse 

Pole Figure mapping (IPF) from the EBSD analysis, which reveals the formation of elongated 

grains along the building direction. The <100> pole figure in Figure 2-7 (d), shows a deviation 

from the z0 building direction (accumulation within the pole figure, red area) at approx. 40Ǔ and a 

resulting tilt in the x0 and y0 direction due to synergic effects of (i) the rotation by 67Ǔ of the 

scanning direction with every new layer and (ii) high heat dissipation within the highly conductive 

CuCrZr alloy. 



 

14 

 

 

Figure 2-7 BSE micrographs of CuCr1Zr built by LPBF showing: (a) the microstructure perpendicular to 

the building direction, and (b) the microstructure parallel to the building direction. (c) EBSD image of 

CuCr1Zr: crystal-orientation mapping (IPF) and (d) <100> pole figure 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 nickel-based 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 and high-pressure applications such as 

gas turbine products due to its excellent mechanical properties and oxidation/corrosion resistance 

at elevated temperatures [27]. This alloyôs composition consists of nickel (62.10%), chromium 

(22.0%), molybdenum (9.0%), niobium (4.0%), Fe (2.50%), Mn (0.2%), Si (0.2%). Within this 

alloy, primary and secondary carbides (MC, M6C and M23C6), ɔǋǋ (Ni3Nb), ŭ, and Ni2(Cr, Mo) 

intermetallic phases can be exist based on different thermal exposure. Undesirable precipitates and 

phases such as Laves, Si-rich particles, Ŭ-Cr particles, µ TCP (Topologically Close Pack) phase 

can also be found under thermal aging [28], [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 extensively exercised for the fabrication of complex geometries made of this 

alloy.  
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Microstructure  

Microstructure of additively manufactured IN625 by both L-PBF and L-DED processes are shown 

in Figure 2-8 (a) and (b), respectively where cellular and dendritic microstructures are evident in 

both micrographs. As previously mentioned, the microstructure of LMAM products are directly 

controlled by both the local temperature gradient, G and the solidification rate, R. As it is illustrated 

in Figure 2-8 (c), the ratio of G over R (G/R) determines the morphology of microstructure while 

the multiplication of them (G*R), also known as cooling rate, controls the size. From melt pool 

cross sections, epitaxial grain growth through a perpendicular direction to the build direction is 

observed, which leads to the formation of elongated columnar grains in both L-PBF and L-DED-

made IN625ôs microstructure. 

 

Figure 2-8 (a). SEM image of SLM processed IN625 sample (PD- Primary Dendrites; CD- Cell-like 

Dendrites; B- Building direction; S- Scanning direction). (b). SEM image of LMD processed IN625 

sample (PD- Primary Dendrites; CD- Cell-like Dendrites; B- Building direction; S-Scanning direction). 

(c) solidification microstructure map [29] [31]  

2.3.3 Feasibility and challenges from the metallurgical aspect  

A gradient composed of the IN625 and CuCrZr alloys should first be studied from a metallurgical 

aspect to 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 diagram of the main 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 during the L-DED process, solidification does not happen in equilibrium conditions. This may 

result in a discrepancy between what is predicted from the phase diagrams and real observations. 

Figure 2.9 shows the equilibrium ternary and binary phase diagrams of these elements where (a) 

the miscibility gap based on the amount of each element can be predicted at 930 °C where all are 

completely solidified. While in IN625 alloy, the ratio of Cr to Ni is designated in a way to get a 

solid solution composition (Figure 2.9 (b)), from Figure 2.9 (c) and (d) the chance of solidification 

cracking and limited solubility in Cu-Ni system as well as the immiscibility issue in Cu-Cr 

composition can be predicted, respectively. 

Solidification cracking:  Solidification cracks, also referred to as ñhot tears,ò mainly occur within 

the ñmushy zoneò, where the material is in a semisolid state. Based on the portion of each alloy in 

the gradient region, the material system can have a large solidification range of couple hundreds 

of degrees °C, which is known to promote the chance of solidification cracking. In that regard, a 

portion of the liquid phase is entrapped in the interdendritic regions at which the solidifying stress 

is concentrated and finally leads to the tearing of the liquid films and the formation of solidification 

cracks[26]. 

 

(a) 
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                             (b)                                                  (c)                                                  (d) 

Figure 2-9 (a). Isothermal section of Cu-Ni-Cr ternary equilibrium diagram at 930 °C showing miscibility 

gap. (b), (c), and (d) the binary phase diagrams of the each two elements.[31] 

2.3.4 Feasibility and challenges from the process aspect  

Alongside metallurgical phenomena that may happen in the case of CuCrZr-IN625 FGAM, there 

could be a quite few challenges during the process mainly due to the mismatch between the 

thermophysical properties of these alloys, shown in table 2.2. In fact, differences in melting point 

and specific heat capacity may lead to poor mixing and the presence of unmelted powder 

inclusions, and porosities in the melt pool of LMAM of these alloys. Moreover, CuCrZr featured 

low absorption of infrared laser radiation, indicating 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 has higher laser absorptivity and lower heat conductivity[27]. 

Table 2.2 Thermophysical properties of CuCrZr and Inconel 625. [32][33] 

Material Melting range 

(°C) 

CTE 

10Ⱦ°C) 

K (W/m.K) Cp (J/Ç.K) Laser beam 

absorption (%) 

CuCrZr 1065-1083 17 200 0.38 25 

IN625 1290-1350 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 when exceeding the local UTS stress, shown 

in Figure 2.10 (a). In the FGAM of CuCrZr-IN625, due to the high variation in the thermophysical 
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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 process-induced porosity, such as the lack of fusion, and powder-induced 

porosities such as the oxidized powder particles, shown in Figure 2.10 (b). In the case of CuCrZr-

IN625 FGM, both types of porosities can happen as a result of the lack of fusion and oxidation of 

CuCrZr powders.[14] 

 
Figure 2-10 Potential defects in FGAM processing of CuCrZr-IN625 (a) delamination and macro cracks 

as a result of a high amount of residual stresses, (b) different types of porosities and unmelted powders.[2]  

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

X-ray diffraction (XRD) is a widely used non-destructive 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 of X-rays satisfying Braggôs law: 

ὲ‗ ςὨÓÉÎ—                             (equation 2-1) 

Each phase yields a unique set of diffraction peak positions and intensities that serve as a 

ñfingerprint,ò so by comparing them to standard reference databases, one can identify the 

crystalline phases present in an unknown sample. This approach is widely applied in material 

science for analyzing multi-phase alloys and compounds. In addition, the Full Width at Half 

Maximum (FWHM) of X-ray 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 from both the finite size of coherently diffracting domains and 

the presence of microstrain, which introduces distortions in the crystal lattice. To decouple these 

contributions, the WilliamsonïHall (WïH) method is commonly used. It assumes that the 
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observed peak broadening (‍, in radians) is a combination of size and strain effects and follows 

the equation: 

‍ÃÏÓ— τ‐ÓÉÎ—                                                (equation 2-2) 

where — is the Bragg angle, Ὧ is the shape factor (typically ~0.9 for FCC structure), ‗ is the X-ray 

wavelength, Ὀ is the crystallite size, and ‐ represents the lattice microstrain. By plotting ‍ cos— 

against sin—, one can extract both crystallite size (from the intercept) and microstrain (from the 

slope) from the linear fit. This approach provides a convenient and non-destructive means of 

characterizing structural defects, though it assumes uniform deformation and isotropic strain 

distribution, which may not always hold true. Nonetheless, the WilliamsonïHall method remains 

widely used in materials science for quick estimation of microstructural parameters from XRD 

data[34], [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 spacings (d-spacing) 

caused by elastic strain. When a material is under stress, the lattice planes are either compressed 

or stretched, leading to a measurable change in the diffraction angle (2—) according to Braggôs 

law. By comparing the measured d-spacing in a stressed region to that of an unstressed reference, 

the elastic strain (‐) can be calculated. This strain is then related to the residual stress („) using 

Hookeôs law for elastic deformation, typically through the equation: 

„ Ȣ‐                                                                                                                (equation 2-3) 

The strain is measured at different tilt angles (ɣ), and a plot of Ὠ‪ versus ÓÉÎςʕ is used to 

determine the residual stress from the slope. Here, Ὁ is Youngôs modulus, and ’ is Poissonôs ratio. 

This technique is particularly useful for measuring in-plane residual stresses near the surface 

(typically within a few micrometers depth), and is widely applied in welds, coatings, and shot-

peened components. However, plastic stress, which results from permanent deformation such as 

dislocation motion, slip, and twinning, cannot be measured directly using standard XRD residual 

stress methods, because plastic deformation alters the lattice in a non-recoverable and often non-

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

indicators such as peak broadening in 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., WilliamsonïHall, Warrenï

Averbach, or Convolutional Multiple Whole Profile fitting) can help estimate dislocation density 

and strain anisotropy associated with plasticity. 

 

Figure 2-11 a) Schematic of the XRD experiment. b) 2D diffraction pattern recorded in the detector. The 

intensity rings present diffractions from different lattice planes of the crystal.[36] 

 

Grain size has a significant effect on the reliability of residual stress measurements using X-ray 

diffraction (XRD), particularly in coarse-grained or columnar-structured materials such as L-DED 

samples: 

Reduced grain statistics: XRD measures lattice strains based on averages from many crystallites. 

In materials with large grains (hundreds of microns), fewer grains fall within the X-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, as 

shown in Figure 2-11 (patchy Debye rings), complicating peak fitting and reducing precision in 

the stressïsinĮɣ plot. 

According to guidelines, grain sizes should ideally be under ~100 Õm (preferably < 30 Õm) to 

ensure high accuracy. Beyond this, XRD measurements become unreliable without corrective 

strategies.[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 the part. Therefore, having a 

model that can predict the thermomechanical behavior of a part would be highly useful, even 

necessary, to avoid costly repeated runs [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 analyses of FGMs [41]. 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 Inconel 625-CuCrZr 

FGAM to predict the residual stresses. 

2.5.1 Thermal 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 requirements. Conduction 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 conditions. The applied heat input which is 

from the laser, is partially absorbed to melt 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 follows [39]: 

ὗ  ὗ ὗ ὗ ὗ                                   (equation 2-4) 

Another shape of the above equation for a body with constant density, ɟ, and an isotropic speciýc 

heat capacity, Cp is represented as follows: 

ʍ #Ð Ä4ȾÄÔ  ᶯ  Ñ Òȟ Ô   1 Òȟ Ô                                                                                       (equation 2-5) 

where T is the temperature, t is the time, q is the heat þux, Q is the 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 T0 = TÐ, 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 the substrate is described by Fourierôs conduction equation as follows: 

q = īkTɳ                                                                                                                     (equation 2-6) 

where k is the isotropic thermal conductivity coefficient, which is temperature-dependent. 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 actual laser-powder interaction.  

2.5.2 The Heat Input Model 

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

that follows a Gaussian intensity distribution [13], [42]. Figure 2-12 schematically shows the semi-

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

equations: 

Ὅ ὼȟώȟᾀ  ήȢÅØÐ ς                                                                                         (equation 2-7) 

While, 

‍Ȣὖ  ᷿ ᷿ ᷿ ήȢÅØÐ ς ὨὼὨώὨᾀ                                                               (equation 2-8) 

The ή will be equal to: 

ή  
Ⱦ

Ⱦ                                                                                                                              (equation 2-9) 

Ὅ ὼȟώȟᾀ  
Ⱦ

Ⱦ ȢÅØÐ ς                                                                                 (equation 2-10) 

  
                                      (a)                                                             (b) 

Figure 2-12 thermal modeling of LMAM process; (a) schematic of the semi-spherical heat source model 

with 3D Gaussian intensity distribution, (b) FE simulated melt pool[40-42] 
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2.5.3 The mechanical model  

After completing the thermal simulation, a temperature history for each node is derived, besides a 

quasi-static equilibrium of stress is determined for each time step. The small deformation theory 

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

ʀ  ʀ ʀ ʀ                                                                                                 (equation 2-11)  

where ʀ , ʀ, ʀ, and ʀ are the total strain, elastic strain, plastic strain, and thermal strain, 

respectively. The governing stress equilibrium equation is: 

Ȣɳʎ  π                                                                                                                      (equation 2-12)  

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

is as follows: 

ʎ  #ʀ                                                                                                                       (equation 2-13)  

whereʀ is elastic strain and C is the fourth order stiffness tensor. [39] 

2.6 Summary  

As stated in this chapter, the FGAM (Functionally Graded Additive Manufacturing) of CuCrZr-

IN625 material system poses various challenges. On one hand, due to the significant mismatch 

between the thermophysical properties of these alloys, the bimetallic form (sharp transition) would 

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

other hand, in the smooth gradient form, there is a high chance of solidification cracking and 

segregation of different phases in the compositional 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 material system 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 process. Consequently, the objective of 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 experimental and modeling approaches. 
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Chapter 3: Experimental analysis and statistical optimization of additive 

manufacturing of CuCrZr and Inconel 625 powders 

3.1 Introduction  

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 horizontal and/or vertical addition 

of single tracks. Further, by printing these single-tracks and adjoining them both horizontally then 

vertically in a way that properly overlap each other, and a successful 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 chapter due to 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 addition, 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 studied. Finally, the knowledge obtained from this chapter will be applied in the next 

chapter for successful fabrication and characterization of these 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 engine parts [43]. Among 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 to its superior mechanical 

properties at high temperatures such as creep resistivity [43], [44]. Moreover, the geometrical 

complexity of those parts on one hand, and the need for cost-effective 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 CuCrZr alloy, to date, there 

is not any systematic investigation on LDED of this alloy. Moreover, it has been reported that this 

technique is employed for building nozzles made of CuCrZr alloy due to its capability for 

manufacturing large-scale parts [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 powder-fed LDED from the scale of single tracks to 

multilayers. The original contribution of this study are as follows: 1) a novel two-step 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 is identified based on key process parameters; 3) the microstructure 

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

of process parameters. 

3.2.1 Material and methods 

CuCrZr powders 

Gas atomized CuCrZr powder was used as the feedstock material in this study. Table 3-1 shows 

the chemical composition of the powder, and Figure 3-1 shows its main characteristics; 

morphology, and particle size distribution (D10: 30.61 µm, D50: 42.56 µm, D90: 59.91µm). The 

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

Table 3-1 Chemical composition of the CuCrZr powders (wt.%) 

Cu Cr Zr 

balance 0.5-1.5 0.05-0.15 

 

 
Figure 3-1 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 powder-fed 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. Figure 3-2 shows the L-DED processing setup. During the 

experiments, the laser spot size was kept at 1.4 mm. The laser power (P, 700-1900 W), scanning 

speed (V, 2-14 mm/s), and powder feed rate (F, 4-12 g/min) are considered variable input 

parameters. Figure 3-2 shows a single track sample consisting of three discrete zones: deposition 

zone, heat-affected zone (HAZ), and substrate. 

 

Figure 3-2 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 cross-sectioned and hot-mounted in a 

conductive epoxy resin. Then, the samples were ground and polished on a Struers Labopol-20 

auto-polisher using SiC grinding papers from 120 to 4000 grit sizes and the 1µm alumina slurry, 

respectively. Finally, polished samples were etched using 50% HN/  diluted in Ethanol for 30~35 

seconds in order to reveal their microstructure. 

Using a Keyence VHX-7000 digital microscope, the optical microscopy was carried out to scan 

the entire track from the top, as shown in Figure 3-3 (a), and for melt pool observation on the 

metallographically prepared samples, Figure 3-3 (b), where it shows the geometrical 

characteristics of a single track; the height (h) and width (w) of the bead as well as the melt pool 

penetration depth to the substrate (b). In this study, the combination of geometrical characteristics 



 

27 

 

and input parameters, i.e. the dilution (D= b/h+b), the powder efficiency (PE= A*V*ɟ/F), which 

is the ratio of the deposited material to the fed powder, and the deposition rate (DR=A*V) were 

considered as the outputs for the statistical analysis where ɟ is the density of the alloy (8.9 g/ὧά) 

and A=2/3h*w is the cross-section area of a track. 

 

Figure 3-3 (a) 3D scanned and (b) optical micrograph of a transverse cross-section of the single track. 

Furthermore, the microstructure and chemical composition of the samples were examined by a 

Tescan VEGA3 scanning electron microscope (SEM) equipped with an energy-dispersive X-ray 

spectroscope (EDS) detector. The morphology and size of grains were explored via a Bruker 

QUANTAX electron backscatter diffraction (EBSD) which was carried out at the voltage of 20 

kV and scanning step size of 4 ɛm that was finally analyzed with ESPRIT2 software. The aspect 

ratio of grains was measured, and the grains with values less 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 

three-step statistical approach. As the printability of CuCrZr powder is challenging due to its high 

laser reflectivity and thermal conductivity [25], [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 experiments, followed by the regression 

scheme on the measured responses (the geometrical characteristics) to establish the correlation 

between track features and the process parameters. The dilution (D), the powder efficiency (PE), 

and the deposition rate (DR), were also considered as the objectives of the compliance function. 
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All the data analysis procedures from the DOE to the optimization were carried out through 

Minitab 19 software. For the first DOE, a three-factor CCD matrix with an 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 second-order equation best describes the 

correlation between inputs and responses of the L-DED process [47], [48], hence, the full quadratic 

model was employed for the regression analysis, which was conducted in the stepwise approach 

with backward elimination of insignificant factors.  

3.2.2 Results and discussions; single tracks 

Process parameter optimization 

Figure 3-4 (a) reveals a general view of the cross-section of all single tracks of the first DOE, 

where the input variables and the output responses are presented in Table 3-2. A few of the trials 

got rejected due to the poorly wetting the substrate and/or over deposition, which resulted in high 

wetting angles [49]. After measuring all the responses, the RSM analysis was performed. Figure 

3-4 (b) shows the regression analysis results for the dilution response (D) as 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 the response, and contour plots of D vs different levels of the 

significant process parameters. The mathematical equation from the regression analysis is as 

follows: 

Ὀ ψςȢτ πȢπσυτρὖ ρψȢυχὊ υȢσπὠ πȢτωψὊ ρȢςςτὊ ὠz                    (equation3-1) 

Optimizing the process parameters is then followed, as shown in Figure 3-4 (c). The compliance 

function was set to maximize both PE and DR while reaching the target of 30% for D, as they are 

the average values that are reported to be acceptable for the L-DED process[50], [51]. Based on 

the optimization solutions, F 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. 

Table 3-2 the first step DOE input variables and output responses  

Track 

NO. 

Process parameters 

(input variables) 

Geometrical measurements  

(output responses) 
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 P (W) F (g/min) V (mm/s) h (µm) w (µm) b (µm) DR Аἵ ȾἻ 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  

    

c) Optimized process parameter window 

      

Figure 3-4 (a) Optical micrograph from the cross-section 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 multi-physics phenomena 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 3-4 (a), can cause a discrepancy in the statistical prediction. Therefore, another set of DOE 

was designed from the previous stepôs processing window. To this end, Figure 3-5 (a) shows the 

cross-sectional views of the printed tracks, all of which 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 Figure 3-5 (b). The optimization solution is shown as the red 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 shown in Figure 3-5 (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  

 

b) Optimized process parameter window 
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c) Model confirmation test 

   

Figure 3-5 (a) Optical micrograph from the cross-section 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 point (red) and 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 3-2 represents the samples with their process parameters. 

Table 3-2 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 5.5 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 3-6 shows the result of microstructural observations in the deposition area of Sample 1. 

SEM SE and BSE are shown in Figure 3-6 (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 structure[26]. In 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 in Figure 3-6 (a), with different contrast from the matrix in the 

backscatter image in Figure 3-6 (b), were found to be the chromium particles based on the results 

of the EDS analysis map shown in Figure 3-6 (c). This observation is comparable to what is 

reported from the microstructure of LPBF-manufactured CuCrZr alloy[21], [25].  

 

Figure 3-6 (a) SEM secondary electron image of an etched cross-section 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 3-7 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, shown in Figure 3-7 (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 liquid-solid interface, where the crystallographic orientation of 

the adjacent solid grain is preferred to solidify and grow in the thermal gradient direction. Figure 

3-7 (b) also verifies 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 in Figure 3-7 (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 nucleation [56], [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 attach to 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 detachment [58]. Lastly, the microstructure of the substrate material, made of pure 

copper, is displayed in Figure 3-7(d). 

 
Figure 3-7 (a) EBSD map of the entire cross-section 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 grain morphology 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 than 0.5 were considered columnar. Figure 

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 distance, 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 power, the higher 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 leads to higher columnarity of grainsô morphology. In addition, 

the higher laser powers result in deeper and wider melt pools observed in the current study and 

others, indicating that more area of the liquid-solid interface, which results in more epitaxially 

growing grains that are the main portion of columnar grains of each track [58], [59]. 

The hardness maps of the five selected samples are represented in Figure 3-8, in which the red 

dashed lines show the melt pool boundaries. The hardness indentation pattern of Sample 1, as an 

example, is shown in Figure 3-8 (a). As illustrated, all five hardness 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 Figure 3-8 

(d) that shows the highest maximum hardness value (104 HV, Sample 3), and Figure 3-8 (b) that 

shows the second-highest (99 HV, Sample 1). Interestingly, these are samples with the minimum 

columnarity that results in the finest grain structure based on Figure 3-7. Hall [60] showed that the 

hardness of polycrystalline materials, including copper alloys, is correlated to the grain size 

through the following equation: 

Ὄ  Ὄ  ὑὨ Ⱦ                                                                                           (equation3-2) 

where ( and + are materialôs constants, and d is the grain size [61]. This properly justifies the 

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 the coarse-columnar 

structure in the bottom of the melt pool. From the hardness maps (Figure 3-8), the 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 Figure 3-8 (b)) as a result of the grain growth [62]. 

While the deposited tracks are composed of  ~99% wt. copper, there is ~1% wt. chromium,  that 

apparently leads to precipitation hardening mechanism [63]. Moreover, the existing cellular 

microstructure increases the hardness of the deposition area [64]. 
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Figure 3-8 (a) Indentation map of sample 1, (b-f) Microhardness maps of Samples 1 to 5. The red-dashed 

lines indicate the melt pool boundaries 

3.2.3 Results and discussions; cuboid geometry 

Process parameter optimization of single-layer multitrack  

After optimizing the process parameters for single tracks, it was about the time to adjoin them 

horizontally with a proper overlapping ratio through the bidirectional (zigzag) strategy to form a 

single-layer deposition so so-called ñmulti tracksò. In that regard, the key process parameters are 

the ones introduced in the previous section, plus the overlap ratio (OR), which is defined as the 

ratio of the overlapping distance of two clads over the total distance from one end to the other. The 

responses in this study are the average deposition height (Ὤ ), dilution (D), flatness ratio (S), 

and surface roughness (Sa). Figure 3-9 schematically shows the geometrical characteristics of a 

multitrack deposition. Table 3.3 details the input variables and output responses of the DOE matrix 

for the cuboid geometry. 
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Figure 3-9 LDED multitrack one-layer deposition and its geometrical characteristics 

 

Table 3.3 the input variables and output responses of the DOE 

Track 

NO. 

Process parameters 

(input variables) 

Geometrical measurements  

(output responses) 

P (W) V (mm/s) F (g/min) OR ▐╪○▌(µm) Sa(µm) 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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14 1550 8 8 0.6 308.20 65.83 22.10 0.52 

15 1250 8 6 0.4 102.92 20.21 48.53 0.57 

16 1250 6 6 0.4 117.44 24.73 55.22 0.66 

17 950 4 8 0.2 204.32 62.15 0 0.59 

18 950 4 4 0.6 184.37 34.71 0 0.51 

19 1250 4 6 0.4 162.44 29.81 34.98 0.56 

20 1250 4 6 0.6 247.34 42.57 26.10 0.53 

21 1550 4 8 0.4 387.72 91.31 6.73 0.59 

22 1550 8 8 0.4 217.29 46.55 28.70 0.62 

23 1550 6 6 0.6 231.85 46.88 47.44 0.59 

24 1250 6 8 0.4 188.85 39.91 16.48 0.63 

25 1250 6 4 0.4 122.01 19.79 38.27 0.52 

26 950 8 8 0.2 314.77 72.25 0 0.35 

27 950 4 8 0.6 613.93 167.2 0 0.60 

28 1250 4 6 0.2 132.34 34.19 39.77 0.69 

29 1250 6 6 0.2 95.90 22.5 60.16 0.66 

30 1250 6 6 0.4 110.35 30.11 56.75 0.81 

31 1550 4 8 0.2 268.99 81.82 9.42 0.69 

32 1250 8 6 0.6 128.76 29.42 42.98 0.54 

33 1250 6 8 0.6 393.95 124.56 8.64 0.74 

34 950 8 8 0.6 1213.51 495.21 0 0.80 

35 950 8 4 0.4 68.60 20.87 0 0.70 

36 1550 8 4 0.4 70.18 15.77 71.27 0.67 

37 1250 6 6 0.2 95.48 18 60.27 0.61 

38 1250 6 6 0.6 192.06 45.45 42.99 0.79 

39 950 8 8 0.4 408.05 106.92 0 0.48 

40 950 4 4 0.4 96.73 26.44 0 0.59 

41 1250 6 8 0.2 141.32 30.94 20.87 0.62 

42 950 6 6 0.2 137.46 35.87 0 0.45 

43 1550 6 6 0.2 97.60 21.79 68.20 0.73 

44 1550 4 4 0.2 71.49 19.13 59.52 0.71 
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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 

47 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 3-10 (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 followed. The compliance function was set to maximize the average 

height (Ὤ ) and minimizing both the flatness ratio (S), and surface roughness (Sa), while keeping the 

dilution (D) in the range of 20-30% [48], [50]. The optimization solution, shown in Figure 3-10 

(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 criteria (1). 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 shown in 3-10 (c). The mean 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 one-layer 
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b)  2D contour plots of desirability and optimization results 
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c) validation of optimization results 

 

Figure 3-10 (a) responses and geometrical measurements of a multitrack one-layer, (b) Optimization 

solution and desirability plot, (c) Confirmation test of the optimization results 

Multi -layer build-up and trajectory planning 

In order to build up a multilayer cuboid geometry, the multitrack one-layer 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, the superimposition 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 acceleration to 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 translates into an increased 

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 build-up strategies and techniques must be considered 

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

Figure 3-11 shows the schematics of the multiple techniques that were implemented in tool path 

trajectory planning along with their effect on the shape accuracy. As shown in Figure 3-11 (a), in 

this study, the zigzag deposition strategy with 90-degree 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 rate. Spiral inward/outward pattern is also not 

suitable for regular cuboid geometries because they cause varying scan-length and potentially 

higher heat accumulation near the center due to shorter cooling intervals between overlapping laser 



 

42 

 

passes. In addition, as depicted in Figure 3-11 (b), the starting point was constantly rotated after 

each layer to balance out varying deposition height in each layer. Figure 3-11 (c) shows the profile 

contouring after the infill deposited layer and its effect that was considered to avoid the common 

dome-shaped issue. In fact, due to the lower deposition rate at the edges of the cuboid, the 

perimeter remained unfilled to some extent which was tackled by adding one-line contouring with 

a proper amount of overlap with the previously deposited infill layer. Although the profile 

contouring maintained the squareness of the cuboid built-up, it resulted in arisen corners due to 

the higher deposition at those regions. Thus, as shown in Figure 3-11 (d), for the corners of the 

contourôs path an arc with a radius of 0.7mm, which is half of the melt pool width, was considered. 

This resulted in avoiding sharp corners which creates a delay in changing direction and therefore 

higher deposition at the corners. All the aforementioned techniques were employed to reach the 

cuboid build-up with acceptable shape accuracy shown in Figure 3-11 (d). 

a) infill zigzag trajectory with 90º rotation of scanning 

direction between layers 

 

 

b) addition of laser start point rotation between layers
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c) addition of profile contouring around the perimeter 

  

d) addition of radial pathway at the corners of the contours 

 

 

 

Figure 3-11 Schematic of the strategies that have been considered for tool path trajectory planning; (a) 

infill zigzag trajectory with 90º 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 addition of 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 specimen with specific process parameters. In 

that regard, investigation has been conducted on the effect of process parameters on the surface 

dimples effect and results have been illustrated in Figure 3-12. Using the set of process parameters 

that was optimized for multitrack single-layer and the coorect tool path trajectory, surface dimples 

was appeared as shown in Figure 3-12(a) from top view and in the cross-section. Yet, increasing 

the laser power from 1500 to 2000 W resolved this issue. Moreover, in another case shown in 

Figure 3-12(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 pores and often contain unmelted 

powder particles similar to what have been observed from the cross section of defective samples 

in Figure 3-12. These defects are normally attributed to incorrect processing parameters and/or 

condition such as oxidation during the deposition process that is the case in this study as the process 

take place in ambient atmosphere and decrease the efficiency of input energy such that not all 

powder are compeletly melted or the previously deposited layer not sufficiently remelted to fuse 

with the new layer. For the CuCrZr multilayer processing parameters investigated and it can be 

readily observed that LOF porosity occupies the low laser power, and low 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 effect on F/V value is stronger based on the observations in this 

study. This behavior agrees well with the general hypothesis that points to low power input per 

amount of material or alternatively low energy density as the primary source of LOF porosity. 

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

 

b) effect of scanning speed on surface dimple defects: 
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Figure 3-12 effect of laser power and scanning speed on surface dimples  

In that regard, Tang et al. [65] developed the Equation 3-3 that predicts the LOF defect happening 

based on the geometrical parameters and characteristics of the melt pool: 

ρ                                                                                                          (equation 3-3)  

in which h is the deposition height, b is the melt pool penetration depth, H is the hatching distance, 

and W is the melt pool width. Based on this equation, measurements were conducted on some 

defective and fine samples and results are plotted in Figure 3-13 where four samples were selected 

for porosity analysis using CT scan technique. As shown in the plot both sample 1 and 2 are inside 

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 criterion 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 leaves the melt pool 

penetration depth and the deposition height as the only crucial parameters. 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 ratio of P to F/V, can avoid LOF in CuCrZr build 

up. 
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Figure 3-13 Lack of fusion map of cuboid samples 

Vaporization 

The nature of a high intensity laser beam with high power densities (>ρπ W/mm2) and short 

interaction times (micro to milliseconds) leads to vaporization and ejection of molten material 

during the deposition process which are not desirable in LDED 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 in as seen in Figure 3-14 (a), vaporization took place due to too much 

power (from 1800 to 2000 W) per low F/V values (from 0.003 to 0.005 g/mm) that lead excessive 

energy density and evaporation of material from the substrate instead of deposition. 

Balling 

Balling, which is the formation of the small ball-shape discontinuous deposition of melted powders 

on top of the substrate or previous layer [67], was observed in the single-layer 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 

solidïliquid interfacial free energy ɾ  join together and poorly connect to the substrate instead of 
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properly wetting it as seen in Figure 3-14 (b). The parameters that cause balling in single-layer can 

often bring about defects when they are used for multilayer buildup. These defects include large 

pores, inclusions, and poor surface roughness [68]. 

a) vaporization in LDED of CuCrZr samples: 

 

b) poor wetting in LDED of CuCrZr samples: 

 

Figure 3-14 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 

drawn based 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/substrate and form a stable melt pool and 

avoid the balling defect. Above the green line in the blue region, the blue line is fit to the data that 

have a few LOF defects and draws the boundary between the blue and green regions, which define 

the LOF-rich and fine deposition regions, respectively. In the green region, only few spherical gas 

porosity was seen 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 high values of power per relatively 

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

desirable phenomenon in LDED. Therefore, as shown in Figure 3-15 to correctly deposit CuCrZr 



 

48 

 

alloy and avoid the aforementioned major defects/instabilities, both the P and F/V values must be 

kept in the green deposition region.   

 

Figure 3-15 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 parameters influencing the 

microstructure during multilayer deposition[57], [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 multilayer build-up process with LDED, the multiple deposition of single layers 

on top of each other leads to re-melting and inducing thermal cycles in the previously deposited 

material that leads to recrystallization and grain growth in the microstructure [69].  

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 analysis are shown in Figure 3-16. The grain 

structure of all the samples with their process parameters are illustrated in Figure 3-16 (a) in 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 cross-section, the grain growth direction is approximately in plane with 

the transverse section, as a result of epitaxial grain growth mechanism and high values of G/R 

[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 of G/R and more nucleation sites [71], [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 Figure 3-16 (b). Based 

on the average grain size results, sample 3ôs grain structure is significantly coarser than sample 4 

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 nucleation sites [58], [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 evolution of 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 properties [73] 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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b) grain structure analysis results 

  
Figure 3-16 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 geometry. The same 

methodology of statistical optimization as for CuCrZr was followed, and the analysis results for 

each step are illustrated in the following. 

3.3.1 Single-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). Due to the limited 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: 

ὒὉὖὊὖȾὠὊ                                                                                                             (equation 3-4) 

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 stresses [39], which 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: 526 (W), F:10 (g/min), V:5 (mm/s), which is 

shown by the green point in the contour plot. 

 

Figure 3-17 Optimization of process parameters for LDED processing of IN625 single tracks 
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3.3.2 multitrack single-layer 

Further, similar procedure has been conducted to optimize the process parameters for single-layer 

multitrack, and the compliance function was set to minimize the flatness ratio and dilution while 

maximizing the average height with minimum LEPF. It is 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 range of 1500 to 3000 µm in the range of the input 

parameters and a function of both P and V. Figure 3-18 shows the optimization procedure of single 

layer multi-track and validation of the optimization results. Based on the analysis, the optimum set 

of process parameters are as follows: P:500 (W), F:10 (g/min), V:5 (mm/s), and H:0.83 (mm) which 

yields to overlap ratio of 0.5.  

a)  optimized process parameter window 
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b) validation of optimization results 

 

Figure 3-18 optimization of process parameters for LDED processing of IN625 single-layer 

3.3.3 multilayer 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 near-net-shape cuboids. Figure 3.19 (a) 

illustrates the 3D scanned view of the fabricated cuboid along with its etched cross-section in 

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

 

                                                (a)                                                                       (b) 

Figure 3-19 (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 

separately via LDED-PF process. The present study investigates optimizing the key process 

parameters, printing strategy, and developing the optimum processing window, from the scale of 

single track to multilayer, which altogether results in defect-free products. CuCrZr alloy was the 

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

of its high heat conductivity and low laser energy absorption, along 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 parameters. The results of the study can be summarized as 

follows: 

1) The process parameter optimization has been done for each alloy hierarchically from single-

tracks to single-layer multitrack through RSM method, and the optimized set of process 

parameters are in good agreement with the model predicted values with ~95% low and high 

confidence intervals. 

2) Tool path trajectory planning has been conducted to reach the proper build-up strategy that 

leads to acceptable shape accuracy. For the infill of the geometry, the zigzag strategy with 90º 

rotation of deposition direction in which the start point also rotates between layers is 

considered. Further, to compensate for the unfilled perimeter, profile contouring around the 

perimeter after each infill deposition was considered with a radial pathway at the corners to 

avoid the bumps that happen as a result of acceleration and deceleration of the robotic arm. 

3) 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.  

4) 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 and equiaxed grain 

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: Development of Inconel 625-CuCrZr gradient 

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 manufacture multi-functional parts made of multiple 

materials that each enable functionality. The concept of Functionally Graded Additive 

Manufacturing (FGAM) has been introduced recently by which different gradients in the form of 

either controlled porosity, orientation, microstructure, or composition can be fabricated. For the 

aerospace industry, cooling the components that are mainly made of Ni-based superalloys such as 

IN625 can be challenging due to their limited thermal conductivity. Therefore, there is interest in 

using a highly heat-conductive material like CuCrZr in some sections of the components, such as 

cooling channels, to ease heat dissipation while maintaining strength and corrosion resistance. In 

that regard, LDED technology has shown its capability to be employed for FGAM of IN625-

CuCrZr. Yet, this material system is difficult to be processed due to large thermophysical property 

mismatch and high reflectivity issues at near infrared wavelengths for CuCrZr.  

This chapter investigates the process route for FGAM of IN625-CuCrZr using a multi-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 laser-deposited gradients considered in this study consisted of transitions between 

IN625 and CuCrZr alloy, either by a sharp or gradual composition change. This type of FGAM 

was fabricated prior to the start of this thesis in the aerospace sector [19], [20], but only in sharp 

compositional transition cases, while their characteristics had not yet been reported, and there is 

no systematic study on their fabrication and challenges in the literature.  

4.2.1 Powders 

Gas-atomized IN625 and CuCrZr powders were used as feedstock materials in this study. The 

chemical compositions of both powders are shown in Table 4-1, and Figure 4-1 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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Figure 4-1, the PSD of the powders is in the range of 50 to 125 µm for IN625 (D50 = 75 µm) and 

30 to 90 µm for CuCrZr powders (D50 = 58 µm). 

 

Figure 4-1 Particle size distribution and morphology of feedstock powders; (a) IN625, (b) CuCrZr. 

4.2.2 L-DED processing setup 

An in-house developed robotics L-DED system, shown in Figure 4-2, was used to perform the 

experiments. The system is equipped with a 1 kW fiber laser, dual hopper powder feeder, and 

coaxial nozzle. A laser spot diameter of 1.2 mm at the substrate surface is used for the deposition. 

 
Figure 4-2 In-house robotic L-DED system equipped with a coaxial nozzle and a dual hopper powder 

feeder system 


















































































































































































































