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Abstract 
 

There is growing interest in using additive manufacturing for various alloy systems and industrial 

applications. However, existing process development and part qualification techniques, both 

involve extensive experimentation-based procedures which are expensive and time-consuming. 

Recent developments in understanding the process control show promise toward the efforts to 

address these challenges. The current research uses the process mapping approach to achieve 

control of melt pool geometry and microstructure in different alloy systems, in addition to location 

specific control of microstructure in an additively manufactured part. Specifically, results 

demonstrate three levels of microstructure control, starting with the prior beta grain size control in 

Ti-6Al-4V, followed by cell (solidification structure) spacing control in AlSi10Mg, and ending 

with texture control in Inconel 718. Additionally, a prediction framework has been presented, that 

can be used to enable a preliminary understanding of melt pool geometry for different materials 

and process conditions with minimal experimentation. Overall, the work presented in this thesis 

has the potential to reduce the process development and part qualification time, enabling the wider 

adoption and use of additive manufacturing in industry.  
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1 Introduction 

1.1 Additive Manufacturing 

Additive Manufacturing (AM), colloquially known as 3D printing, has recently become an area of 

intense research in both the aerospace industry as well as academia. For instance, General Electric 

(GE) invested ~$1.3B in two major metal AM manufacturers Arcam AB and Concept Laser in the 

year 2016 to advance their AM business and research [1].  As its name suggests, AM is a process 

by which a final part is constructed by adding material successively in a layer-by-layer fashion as 

shown in Figure 1-1. This is in contrast to traditional machining processes in which excess material 

is removed to produce the final part. The layer-wise nature of AM makes it extremely favorable 

for producing light-weight and complex geometries (e.g. hollow parts, cellular structures etc.), 

thus offering an unparalleled level of design freedom while also reducing material waste and 

weight of the part which reduces fuel consumption for aircrafts. This design flexibility makes AM 

particularly attractive to the aerospace industry since major airline companies prefer a lighter 

design, which also meets the safety and strength requirements, to save fuel. Apart from aerospace 

industry, AM also has applications in the biomedical, automobile and energy industries.  

AM processes can be classified into various categories depending on the materials and process 

used for fabrication. A wide variety of materials ranging from plastics to composites to metal alloy 

systems can be used in AM systems. Metal AM can be further classified into nano particle jetting, 

binder jetting, powder bed fusion and direct energy deposition processes [2]. These processes are 

discussed in the following sections with a focus on the powder bed fusion processes studied in this 

thesis work.  
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Figure 1-1: Layer-by-Layer building of the component in Additive Manufacturing. 

1.1.1 NanoParticle Jetting™ Process 

In the nanoparticle jetting™ process, first, droplets containing the nanoparticles are deposited onto 

the build-tray. Then, very high temperatures in the build envelope evaporate the liquid surrounding 

the nano-sized particles within a droplet and brings the particles together. This process repeats at 

every layer resulting in a final component. This can be used for fabricating components with fine 

features and better surface finish than the processes that use larger powder sizes such as power bed 

AM processes. XJET patented the technology and commercially manufactures the nanoparticle 

jetting machines [3].   

1.1.2 Binder Jetting Process 

In the binder jetting process, liquid binder droplets are selectively deposited onto a powder bed 

within the boundaries, described by the Computer aided design (CAD) model, to bind the powder 

particles together [4]. This process is repeated for every layer. At the end of the process, a green 

part is obtained which consists of powder particles which are held together by a binding agent. 

This green part is transferred to a curing oven to set the glue followed by a sintering or infiltration 

process. During the sintering process, binder material evaporates and the powder particles sinter 

together leaving the metal part behind. This results in shrinkage on the order of ~30% - 40%. 
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During the infiltration process, the bronze melts and gets wicked into the part. This has less 

shrinkage (on the order of 2%) when compared to sintering process. ExOne™ is the commercial 

manufacturer of the binder jetting machines to print components from metallic materials [5].  

1.1.3 Direct Energy Deposition Process 

In the direct energy deposition process, the heat source is typically a laser or electron beam. A 

travelling heat source is used to form a melt pool and feedstock material is fed into the melt pool. 

This is similar to welding processes. Feedstock material can be in the form of powder or wire. 

Typically, when laser beam is used as the heat source, feedstock material is powder. This powder 

is fed into the melt pool at every layer of the part during the deposition process. This process 

known as Laser Engineered Net Shaping (LENS) [6], was developed by Sandia National Labs and 

commercially manufactured by Optomec®. On the other hand, when the electron beam is the heat 

source, feedstock material is metal wire and this process is knows as Electron Beam Wire Feed 

process (EBF3) [7]. This was developed by the National Aeronautics and Space Administration 

(NASA) at Langley and commercially manufactured by Sciaky INC. 

1.1.4 Powder Bed Fusion Processes 

1.1.4.1 Powder Bed Electron Beam Melting Process 

Arcam AB® is the only commercial manufacturer of electron beam melting (EBM) machines in 

the current market. Figure 1-2 shows the details of the Arcam S12 machine. In powder bed EBM, 

an electron beam is used to melt the powder layer. Before the build is started, a vacuum level on 

the order of 10⁻⁴ mbar is maintained in the build chamber. During the build, to allow for conductive 

environment and to avoid accumulation of electrons on the build surface, Helium is introduced 

into the build chamber, which will increase the pressure to 2x10⁻³ mbar. This results in a clean and 
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inert build environment minimizing the possibility of contamination of the fabricated component 

[8].  

 

Figure 1-2: Interior of the Arcam S12 build chamber with various components identified. 

The process starts with heating of a start plate to a specific temperature depending on the 

material that is used for fabrication. For instance, in Ti-6Al-4V builds, the start plate is heated to 

a temperature of 750 °C. Once the start plate reaches the specified temperature, the process starts 

with spreading a powder layer on to the start plate. The thickness of the powder layer can vary 

between 50 – 100 microns. The powder layer is then preheated using a high power, defocused 

(larger beam spot size), and high speed electron beam. The purpose of this step is to increase the 

conductivity of the powder and facilitate the flow of electrons from the top surface of the plate to 

electrical ground. This will prevent accumulation of the electrons on the top surface and their 

interaction with the incoming electron beam which will result in repulsion and thus flying off the 

powder in the build chamber resulting in “smoke” [9]. After the preheating step is complete, a 

focused electron beam with lower power and velocity melts the powder layer as per the CAD 
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model. Once, the melting process is complete, the build tank carrying the build plate moves down 

by a distance which is equal to the layer thickness and a new layer of powder is spread on to the 

build plate. This process is repeated for successive layers until the part fabrication is complete.  At 

the end of the process, the built part is surrounded by a block of powder as shown in Figure 1-3. 

This block is then transferred to a powder recovery system (PRS), where a stream of high velocity 

Ti64 powder particles are used to break the solid powder block into powder particles which are 

collected at the end of the process. This recovered powder is sieved and used again for the next 

build.  

 

Figure 1-3: Finished part surrounded by preheated powder being cleaned in the Powder 

Recovery System (PRS). 

Some of the advantages of the EBM process are: 

1. Background temperatures are high in the EBM process which results in nearly residual stress-

free parts. For the same reason, parts built by this process do not need support structures to 

prevent warping due to residual stresses. However, heat transfer supports, as shown in Figure 

1-4, are added to the part to enhance the transfer of heat from the melted region to the bottom 

of the part to prevent any excess heat buildup resulting in poor part quality. An example of a 
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poor surface finish is shown in Figure 1-4, which resulted from inadequate heat transfer 

supports.  

 

Figure 1-4: Part consisting of heat transfer supports (top) and poor surface finish 

resulting from excess heat accumulation. 

2. This process can be used to build fine mesh/cellular structures [10] without adding any support 

structures since support is provided by the preheated powder as shown in Figure 1-5. 

 

Figure 1-5: Mesh/cellular structures supported by preheated powder bed. 
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3. Higher build temperatures result in a martensitic structure-free part except for the top region, 

which does not experience enough number of heat cycles and still contains martensitic 

structure [11]. 

4. Deposition rates are higher when compared to laser beam melting processes due to the ability 

to control the electron beam motion accurately and instantaneously via electromagnetic field. 

5. The maximum power delivered by an electron beam melting machine is higher when compared 

to the laser beam processes which will also result in higher deposition rates due to the ability 

to melt larger area and melt through thicker powder layers. 

6. There are no losses due to reflection in electron beam. Efficiency of the electron beam is 

reported to be ~95% which is higher than a laser beam efficiency [12].  

The EBM process also has some limitations as listed below: 

1. Evaporation of components in the alloy material with lower vapor pressures since process 

environment is vacuum. This will affect the composition of the alloy and resulting 

microstructure. For instance, evaporation of aluminum is a prevalent problem during the 

deposition of Ti64 in EBM process [13]. 

2. Currently, there are only three alloy systems that can be used for building parts in the Arcam 

machine [14]. Process development for other alloy systems is still a work in progress [9]. 

3. Due to the “smoking” problem, there is a lower-limit on the size of powders that can be used 

in the EBM process. This imposes limits on the minimum layer thickness can be used for 

building parts. Layers less than 50 microns are not used, which in turn constrains the ability to 

deposit using lower deposition energy. Thus, parts produced from an EBM machine have 

rougher surface when compared to the parts produced on the laser melting machine. This is 

illustrated in Figure 1-6. 
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Figure 1-6: Generic GE compressor blades manufactured by electron (left) and laser 

(right) powder bed processes. 

4. There is a limit on the minimum feature size that can be built in the EBM process. Smaller 

feature sizes and enclosed spaces are not ideal for complete powder removal during the powder 

recovery process [15]. In addition, layer size and melt pool size also controls the minimum 

feature size that can be deposited successfully. 

1.1.4.2 Powder Bed Laser Beam Melting Process 

There are multiple machine manufacturers in the current market that produce laser powder bed 

fusion (LPBF) machines. EOS’s laser melting machine is used for experiments in this work. 

Hence, details pertaining to this process are discussed here. In LPBF processes, a laser beam is 

used to melt the powder layer. The process starts with purging the build chamber with inert gases 

such as nitrogen and argon depending on the material that is used for building the parts. Nitrogen 

is used for Steels and for other materials like Ti64, nickel superalloys and aluminum alloys, argon 

is used to maintain inert atmosphere. After the purging step, the build plate is heated to 

temperatures up to 200 °C depending on the material that is used for fabrication. This step is an 

attempt to reduce the residual stresses during the build process. In the next step, powder is spread 

on the build plate using a recoater blade shown in Figure 1-7. The layer thickness ranges from 20-
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60 microns. Then, a laser beam melts the powder layer in the pattern specified by the CAD model. 

Typically, after a layer is melted, the build tank moves down and a new layer of powder is spread 

on the build plate which is then melted using a laser beam. These steps repeat until the part is 

complete. Figure 1-7 shows the details of the EOS’s laser powder bed machine. At the end of the 

process, powder is removed from the build plate using a brush and parts are cleaned of any powder 

remnants.  

 

Figure 1-7: Interior of the EOS M290 machine with various components identified. 

Some of the advantages of LPBF process are: 

1. It can build with wide range of materials including titanium, aluminum, steel, and nickel 

alloys among many other materials [16]. 

2. Due to the ability to use smaller powders, smaller layer thicknesses are possible and hence 

can deposit dense parts using lower energy density. This will result in parts with a smoother 

surface finish when compared to the EBM process as shown in Figure 1-6. 

3. Minimum feature size that can be built using laser melting machine is lower when 

compared to the EBM process for two reasons. One is the ability to deposit dense parts at 
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lower energy densities when compared to EBM process and the second reason is the ability 

to remove the powder from tiny openings by simply shaking the part. 

4. Evaporation of materials is not prevalent when compared to EBM process because the 

build chamber is maintained at a pressure which is on the order of atmospheric pressure. 

Some of the limitations of the LPBF process are: 

1. Enclosed spaces without openings are not ideal for this process since loose powder has to 

be removed from the fabricated component. 

2. Efficiency of the laser beam is around 10 – 60 % due to major losses from reflection [17].   

3. Bulky support structures are required in the laser melting processes to prevent part 

deformation due to warping as illustrated in Figure 1-8, which results in wastage of material 

for support structures. 

 

Figure 1-8: Component with warping. 

4. Unlike the EBM process, in laser process, powder particles are not held together by 

applying heat. Hence, it is not possible to build overhangs and larger meshes successfully 

without adding support structures. 

5. The mirrors, which are mechanically operated, control beam motion. Thus, there is lag in 

beam scanning, when the scanning velocity changes and increases. Further, this imposes a 
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limitation on the maximum scanning velocity that can be used which affects the deposition 

speed. 

6. Fabricated parts contain martensitic structure  in materials like Ti64, since process takes 

place at lower temperatures when compared to EBM [18]. 

1.2 Applications of Direct Metal Additive Manufacturing  

AM’s ability to: (i) create parts with reduced material waste, (ii) build composite parts [19], (iii) 

create parts with increased efficiency and (iv) build parts with intricate design features, sets it apart 

from conventional manufacturing techniques such as forging, casting and machining. AM is also 

proven to be an efficient method to repair damaged parts [20], especially in the aerospace industry, 

where the parts are complex and require long delivery times [21]. Due to these unique advantages, 

AM has the potential to revolutionize the biomedical, aerospace, automobile and other industries 

[22,23].  

Figure 1-9 shows an example of a GE bracket - which is redesigned for reduction in weight 

with no compromise in strength when compared to the forged bracket [24].  These are 

manufactured using Ti-6Al-4V in electron beam melting process. This modified design results in 

85% reduction in weight which in turn will decrease fuel consumption resulting in an increase in 

profit [25].  
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Figure 1-9: Traditional (left) and redesigned (right) brackets manufactured on Arcam 

EBM machine using Ti64 powder. 

Various materials, which are difficult to machine, and hence are not suitable for traditional 

subtractive manufacturing processes, like Ti-6Al-4V, can now be used for building components 

with complex geometries due to the layer-by-layer deposition of AM using high input energy 

density. These high energy densities will also allow for using materials with higher melting points 

for building components.  

Figure 1-10 shows the mesh structures which can be manufactured using AM processes 

without the need to machine the extra material. These mesh structures have wide variety of 

applications such as improving the thermal efficiency in heat exchange media, for lightweight 

structures, in biocompatible inserts to promote cell growth, mechanical damping and many more 

[26].  For biomedical industry, major application of metal AM is in patient specific implants which 

will allow for easier placement of implants in the patient’s body and for tailoring the mechanical 

properties of the implant to match with that of the bone. The surface of the metal implants can be 

controlled to improve the bone ingrowth selectively based on the purpose of the implant [27]. The 

mesh structures that are possible to manufacture through metal AM as shown in Figure 1-11 allows 

for bone ingrowth into the metal implant. 
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Figure 1-10: Components with cellular/mesh structures fabricated using AM. 

 

 

Figure 1-11: Figure demonstrating the applications of AM in medical implant industry. 

1.3 Motivation  

With the rapid increase in the use of AM in the industry, more materials, many of which are 

otherwise not feasible to be manufactured or processed, have started to appear in the catalogue of 

materials qualified for use in various AM equipment. There has also been great progress in using 

in-situ monitoring technologies to collect build-related information that can be used in process 

control and qualification. Typically, this information is thermal and image based which does not 

provide details related to the microstructure and resulting part properties. Hence there is a 



14 

 

significant need to integrate melt pool geometry and microstructure control to improve process 

outcomes and also for part qualification with reduced experimentation and testing [28]. Existing 

work on process outcomes control is generally alloy and process specific, as well as heavily 

dependent on experimentation which is time consuming and also not an economic proposition. 

These tedious procedures must be repeated for each alloy system and process. In order to create 

process control strategies efficiently, there is a need for a generalized approach for process 

parameter development that can be used to generate a preliminary knowledge base for any new 

material or process.  

The major issues that are unaddressed so far are:  

1. Being able to develop process themes (process variable sets) for a new alloy system with 

minimal experimentation and utilizing the process knowledge base of the existing alloy 

systems. Development of process parameters for a new material system and for new process 

conditions, is associated with large number of experiments and simulations, which is time 

consuming and expensive. The current standard portfolio of materials used in Arcam machines 

include Ti-6Al-4V, Ti-6Al- 4V ELI, Titanium Grade 2, and Cobalt-Chrome [14]. Laser 

melting processes support multiple materials such as maraging steels, stainless steels, IN718, 

IN625, cobalt chrome, Ti-6AL-4V, Ti-6Al-4V ELI and AlSi10Mg [16]. With the projected 

increase in the use of AM in industry, new materials will be developed further for use in AM 

equipment and it is important to have a framework that can be used to transfer process 

knowledge from known materials to new material systems. 

2. At this point, it is well known that AM allows design flexibility and offers geometric freedom. 

However, fabrication of components with performance flexibility is still not a reality. In other 

words, fabrication of components with location specific properties, depending on the loading 
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they experience, is not yet available. Also, a relationship between process variables and 

resulting microstructure will advance the process development, optimization and qualification 

methods. To be able to build parts to meet stipulated performance requirements: 

a. It is essential to understand the solidification microstructure that forms during the build to 

reduce the time spent in analysis procedures and how microstructure varies with the process 

variables. Additionally, these processes have very high solidification rates which is an area 

not explored in detail in the past. 

b. It is also critical to know the transition between microstructures resulting from different 

process settings in a single component. 

1.4 Contributions 

This work is aimed toward adding more process related knowledge to the existing AM knowledge 

base and demonstrating the capabilities of the AM processes which were not investigated in the 

past. The main contributions of this thesis are: 

1. With the advancement of AM processes, not just new materials, but also different process 

conditions for existing material systems will be of interest. This process development involves 

extensive experimentation and computation. To address this issue, a non-dimensional 

framework is presented to predict the melt pool characteristics for a wide range of material and 

process parameters. This aids in minimizing the number of experiments and simulations that 

need to be performed for process parameter development.  

2. Along with predicting melt pool geometry, solidification microstructure is also predicted for 

three different alloy systems in two different powder bed metal AM processes. Specifically, 

prior beta grain size control in electron beam melted Ti64, cell spacing control in laser melted 

AlSi10Mg and texture control in laser melted IN718 are studied in this work. Fundamental 
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ideas of integrated melt pool geometry and microstructure control are explored and extended 

to multiple alloy systems in this thesis work. This work is useful in: 

a. Correlating microstructure to melt pool geometry which can be observed using in-situ 

monitoring techniques. This will provide an estimate of the properties to be expected 

without seeking any intensive post processing characterization and testing.  

b. Extending the process space to optimize the properties of interest such as creep 

strength, surface finish, hardness, deposition rate and many more. 

3. To fabricate components with location-specific properties, it is critical to understand both the 

control of microstructure and also the transitions in microstructure with respect to changes in 

process parameters. Work done in this thesis demonstrates these concepts through an example 

study on transition in prior beta grain sizes when implementing location-specific 

microstructure control in electron beam melted Ti64. 

1.5 Thesis Outline 

This thesis is divided into 8 chapters. Chapter 1 provides background on additive manufacturing 

with a focus on powder bed AM processes followed by relevant review of materials and existing 

state of knowledge in Chapter 2. This provides background for the research carried out as part of 

this thesis.  

Chapters 3, 4, 5 & 6 discusses the three aspects of microstructure control ranging from grain 

size control in Ti64 (Chapter 3), transition in grain size for location specific control of 

microstructure (Chapter 4), cell spacing (solidification structure) control in AlSi10Mg (Chapter 5) 

and texture control in IN718 (Chapter 6). The common theme of integrated melt pool geometry 

and microstructure control is demonstrated in all the 3 alloy systems.  
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After demonstrating that melt pool geometry control is not just important for controlling the 

part precision and porosity, but it is also important to understand the resulting microstructure, focus 

is shifted in Chapter 7 to developing a framework for predicting melt pool characteristics for 

different materials and process conditions. This will allow AM users to obtain preliminary values 

for melt pool geometry with minimal to no experimentation and simulation work.  

Finally, in Chapter 8, implications of the research performed as part of this thesis are explained 

by presenting major conclusions. The scope of future work is also outlined in this chapter.  

Polishing procedures and additional measurements from experiments and are provided in the 

Appendix.  
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2 Background 

This chapter provides background related to the solidification theory and materials studied in this 

work. In addition, relevant review of the existing knowledge on process control is provided, which 

summarizes the state of existing knowledge on this topic.  

2.1 Solidification Theory 

Molten material solidifies through grain nucleation and growth. There are two types of nucleation: 

homogeneous and heterogeneous. In homogeneous nucleation, once the temperature drops below 

the freezing temperature, nucleation can occur randomly throughout the liquid, whereas in 

heterogeneous nucleation, nucleation occurs on the surface of a foreign object such as impurities 

in the liquid or other solid interface which is in contact with the liquid. It requires high amount of 

undercooling in order to achieve homogeneous nucleation [29]. In welding processes, nucleation 

is reported at very low undercooling on the order of 1-2 K, when compared to ≥ 200 K for 

homogeneous nucleation [30]. Hence, based on the observations from welding processes, it is 

expected that heterogeneous nucleation is prevalent during solidification in AM processes.  

The crystal structure is formed by the growth of nuclei into grains. Depending on the 

morphology of the growing structure, which changes with the conditions at the solid-liquid 

interface, growth can be classified into different types: planar, cellular or dendritic solidification 

as shown in Figure 2-1. With increase in solidification rate, the instability in the solidification front 

increases and it is no more planar. In castings, dendritic solidification is prevalent [31]. AM has 

higher cooling rates than castings and planar solidification is only observed over a small region as 

a thin layer at the bottom of the melt pool [32]. The reason for this can be the lower solidification 

rate and higher thermal gradient at the bottom of the melt pool. Similarly, grain morphology is 
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also affected by the thermal gradient and solidification rate which is first presented by Hunt [33]. 

In Chapter 6, the change in grain growth direction with changing solidification conditions is 

discussed for laser melted Inconel 718.  

 

Figure 2-1: Qualitative presentation of the nature of solidification front with change in 

solidification conditions[30]. 

In dendritic solidification, a tree-like structure forms during the solidification process. The 

distance between the primary trunks is known as primary dendrite arm spacing and the distance 

between the adjacent branches that grow out the primary trunk are known as secondary dendrites. 

The spacing between these is known as secondary dendrite arm spacing. A grain consists of one 

or many dendrites growing along the same crystallographic direction. Dendrites that have different 

orientation are separated by grain boundaries. Secondary dendrite arm spacing (𝜆2) is critical for 
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mechanical properties of the material such as ultimate strength, ductility, elongation and 

homogenization times [31]. During columnar dendritic solidification, primary dendrite arm 

spacing (𝜆1) secondary dendrite arm spacing are determined whereas for equiaxed grains, grain 

size and secondary dendrite arm spacing are measured [29]. In dendritic solidification, primary 

dendrite arm spacing in columnar growth and cellular dendritic growth are estimated using 

Equations 2.1 and 2.2. Secondary dendrite arm spacing is known from Equation 2.3. In these 

equations, c, k and m are constants, V is the solidification rate and G is the thermal gradient.  

𝜆1 = 𝑐𝑉−1/4𝐺−1/2 (2.1) 

𝑐𝑒𝑙𝑙 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 = 𝑘𝑉−1/3𝐺−1/3 (2.2) 

𝜆2 = 𝑚𝑉−1/3𝐺−1/3 (2.3) 

In general, with increase in cooling rate (G.V), cell spacing and dendrite spacing decreases. 

For more details on the derivation of these equations, refer to [29] or other standard solidification 

text books/literature. These are the primary solidification features which can be altered by 

indirectly controlling the thermal gradient and solidification rate by modifying the process 

parameters. These also provide information about the thermal conditions during solidification 

since resulting microstructure does not change much post solidification process [29].  

AM has the unique ability to tailor the microstructural features of an as-built part by adjusting 

the process settings before the start of the build or during the build. Hence it is important to 

quantify the effect of primary process variables on the primary solidification microstructure. These 

results can also be for validating solidification models that can be used for predicting the 

microstructure and properties. The information on microstructure length scales and morphology 

are used in the mechanical property models that are used for design optimization [34].  
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2.2 Materials  

2.2.1.1 Titanium Alloy Ti-6Al-4V (Ti64) 

Titanium alloy Ti-6Al-4V (Ti64) is two phase (α + β) alloy which is used extensively in aerospace, 

biomedical and automotive industries [35]. As the material solidifies, it initially forms a BCC 

(body centered cubic) β-phase which upon reaching the beta transus temperature transforms to 

HCP (hexagonal close packed) α phase. The temperature at which the transformation occurs 

depends on the composition of the alloy. Aluminum is the α stabilizer and Vanadium is the β 

stabilizer. This means that as the concentration of Vanadium increases, the temperature at which 

β transforms to α decreases and vice versa. The different stages of this transformation is illustrated 

in Figure 2-2.  

 

Figure 2-2: Transformations in Ti64 as the material solidifies [30,35]. 
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First, α nucleates at the grain boundaries and grows along the grain boundaries. This is 

known as grain boundary α (αgb). This is continuous along the beta grain boundary and while 

analyzing the prior beta grain sizes in this work it aided in identifying the grain boundaries. An 

illustration of this is shown in Figure 2-3 which is similar to the cast microstructure of Ti64 except 

for the epitaxial columnar growth which depends on the solidification conditions. As the cooling 

continues, α starts nucleating from the grain boundaries and the growth continues inside the grain 

resulting in a network of α which is known as primary α, also identified in Figure 2-3. Depending 

on the arrangement of the α, the primary α can be categorized into colony α or basket weave 

(widmanstätten) α.  The description provided above is for diffusion based transformations which 

results in a structure that is found in electron beam melted Ti64 deposits studied in this work. 

However, depending on the solidification conditions, different types of transformations are 

possible such as martensitic (𝛼′) and massive (𝛼𝑚) structures [30].   

 

Figure 2-3: Optical micrograph of electron beam melted Ti64 with grain boundary and 

primary alpha identified[36]. 
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2.2.1.2 Aluminum Alloy AlSi10Mg  

AlSi10Mg is extensively used in casting thin wall components and complex geometries. This is a 

hypo-eutectic alloy that consists of 10% Si, 0.35% Mg, 0.16% Fe, 0.01% Ti) [37]. The high 

fluidity, low shrinkage, smaller solidification interval (~40K) when compared to other Aluminum 

alloys reduces the susceptibility of AlSi10Mg to hot cracking or hot tearing. Therefore, AlSi10Mg 

is favorable for casting. For the same reasons, AlSi10Mg is also the major alloy of interest for laser 

melting processes [38]. This material is used in aerospace and automobile industries among others 

[39]. 

  The equilibrium phase diagram for AlSi10Mg is shown in Figure 2-4. During the 

solidification the α-Al nucleates first and continues to grow (Figure 2-5- left) and during this 

process the concentration of silicon increases in the liquid and at some point β phase nucleates. 

The α phase continues to grow in between the β phase resulting in the eutectic α+β matrix identified 

in Figure 2-5 (left) [29]. However, as shown in Figure 2-5 (right), the structure of rapidly solidified 

AlSi10Mg is different from its cast counterpart. In laser melted AlSi1Mg, silicon is segregated at 

the aluminum cell boundaries. This fine structure in AlSi10Mg is due to the high cooling rates in 

laser melting process [40,41]. 
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Figure 2-4: Equilibrium binary phase diagram for AlSi10Mg. 

 

Figure 2-5: Comparison of as-cast taken at 50 X magnification (left) and laser melted 

(right) AlSi10Mg microstructure [39,42,43]. 

2.2.1.3 Nickel Super Alloy Inconel 718 (IN718) 

Inconel 718 is high-temperature, high-strength alloy that can be used in structural applications. 

Typical composition of IN718 is: 53.44 % Ni, 18.92% Cr, 5.10% Nb+Ta, 2.99% Mo, 0.93% Ti, 

0.46% Al, 0.03% C, and 18.13% Fe. It is not easy to fabricate complex parts using this alloy due 

to the difficulty to machine this material [44]. However, using additive manufacturing, it is 
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possible to fabricate intricate geometries using IN718 such as heat exchangers [45]. The main 

phases present in wrought and cast IN718 are [46–50]: 

(i)  ϒ with composition Ni-Cr-Fe 

(ii) ϒ′ with composition Ni₃ (Al, Ti)  - intermetallic precipitate  

(iii) ϒ″ with composition Ni₃Nb – intermetallic precipitate 

(iv) δ with composition Ni₃Nb –intermetallic precipitate  

(v) laves phase with composition (Ni, Fe, Cr)₂ (Nb, Mo, Ti) – brittle intermetallic phase  

(vi) carbide precipitates with composition NbC and M23C6  

ϒ′, ϒ″ and δ are the strengthening phases, the formation of which is governed  by the heat treatment 

methods and the size of the ϒ′ and ϒ″  precipitates is on the order of nm [51,52]. On the other hand 

Laves phase is not preferred due to its undesirable impact on various mechanical properties of the 

material [47]. Similarly, carbide precipitates which form during ageing are reported to reduce the 

notch ductility of the IN718 and affect the fracture mode [48]. It is important to note that the 

precipitation of different phases discussed here depend on the processing conditions and using a 

time-temperature-transformation (TTT) diagram [53]. Due to the presence of strengthening 

precipitate phases and alloying element Cr and Mo, IN718 can sustain high temperature 

environments and is corrosion resistant. Therefore, these properties make IN718 suitable for 

applications in oil, natural gas, aerospace, nuclear and other industries [49,50,53,54] 

Figure 2-6 shows the difference between typical IN718 microstructure and as-deposited 

laser melted IN718 microstructure. Fine dendritic and cellular solidification substructure due to 

high cooling rates is observed in the laser deposited material and the bright regions are rich in Nb 

and Mb and this is reported as δ phase. In the interdendritic regions, laves phase and carbides are 

observed. The presence of ϒ′ and ϒ″ was also reported. [49,50,55–59]. 
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Figure 2-6: Example micrograph showing the contrast between typical IN718 and laser 

melted IN718 microstructure. 

2.3 Relevant Literature Review from Additive Manufacturing  

The current research covers various aspects of process control in additive manufacturing such as 

melt pool geometry and microstructure for multiple alloys. With respect to melt pool geometry, 

goal is to predict geometry with minimal experimentation. On the other hand, for microstructure, 

the focus is on enabling location-specific control and predicting microstructure from process 

parameters. Several researchers contributed to the existing body of knowledge on these topics. 

This section reviews relevant literature and identifies gaps in the current knowledge from the 

perspective of melt pool geometry and microstructure control. 

Temperate distribution during the melting process provides information about melt pool 

geometry. One of the early works on welding processes, Rosenthal [60] presented an analytical 

solution for temperature distribution in the case of a moving point heat source. The primary inputs 

for this model are: (i) power delivered by the beam, (ii) travel velocity, (iii) thermophysical 

properties of the material, and (iv) background temperature. Based off of Rosenthal’s analytical 

solution, Christensen et.al [61] developed dimensionless graphs for predicting melt cross-sections 

over a range of welding conditions and material properties. This can be treated as a generalized 
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version of Rosenthal’s analytical solution in an effort to test its applicability over a range of 

welding conditions and materials. However, Rosenthal’s analytical solution does not take into 

account of the change in the thermo-physical properties of the material with temperature, latent 

heat and the assumed point source does not take into account the beam distribution effects. Tsai 

et.al [62] developed a modified version of Rosenthal’s analytical solution with an additional 

distribution parameter to include the distribution effects of the heat source on the temperature field. 

These analytical models often need to be used carefully with appropriate modifications to include 

the effect of temperature dependent properties [28,63]. Nevertheless, researchers in AM field have 

used these simple analytical models to estimate melt pool dimensions [64,65]. On the other hand, 

many researchers have worked on numerical modeling of the AM processes. These models range 

from simple and less expensive finite element models to estimate the  melt pool characteristics 

[28,66–72] to sophisticated and expensive models that demonstrate particle level interactions 

which are important to study defects generated during the process that are associated with fluid 

flow inside the melt pool and particle-fluid interaction [73–75]. However, these models must be 

run and verified with experiments for different process conditions and materials each time there is 

a change in either the material or the process parameter. This is not an efficient proposition when 

different materials and processing conditions are being explored. Therefore, further work needs to 

be done to predict the melt pool geometry characteristics with minimum assumptions and 

experimentation.  

Microstructure generally affects the mechanical properties of a part. AM microstructure is 

different from microstructures formed in cast, rolled and other traditional manufacturing methods. 

This is due to the rapid solidification and resulting higher cooling rates. This difference in 

microstructure results in a difference in properties of the part [76]. Therefore, there has been great 
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interest in studying the AM microstructure and resulting mechanical properties [77–81]. These 

studies range from understanding the evolution of microstructure to changing the process 

conditions to control the microstructure and resulting mechanical properties in an additively 

manufactured part. In electron beam melting process, Ti64 is the aerospace alloy of major interest. 

Electron beam melted Ti64 consists of highly textured columnar prior beta grains which are 

aligned along the build direction and filled with randomly oriented α laths [11,30,82]. It is also 

reported that for nominal build parameters, with increase in back ground temperature, the 

mechanical properties degrade [11]. The microstructure and resulting properties are effected by 

energy density, part thickness/size, scanning pattern,  build orientation , distance from the build 

plate, location on the build plate and other process parameters [78,83–86]. Most of this research 

focused on studying specific process variable combinations and part geometries. These works lack 

a framework to combine the effect of processing conditions, part geometry and other factors on 

microstructure quantitatively. Using process mapping approach [87,88], Bontha et al. [89,90] 

developed solidification maps that predict grain morphology in Ti64. Building on that, an 

integrated melt pool geometry and microstructure control was demonstrated for Ti64 in both EBM 

and EBF3 process [28,91,92]. The main focus of these works was on controlling prior beta grain 

size in single bead deposits of Ti64 via melt pool geometry control. This allowed for predicting 

the microstructure for different process conditions in single bead geometry and these concepts are 

extended to solid parts [36]. This opens up the opportunity for location specific control of 

microstructure in AM, which is not yet explored in detail.   

Solidification conditions which control the size scale of the structure formed at 

solidification can be modified on the fly in AM. Because of the rapid solidification fine and more 

homogeneous solidification substructure is observed in additively manufactured components 
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[50,93,94]. Due to the fine microstructure, the mechanical properties are better or comparable to 

the as-cast properties of AlSi10Mg [40,42,95,96]. Similarly, for laser melted IN718, the room 

temperature mechanical testing properties exceeded that of as cast and forged IN718 due to the 

fine grain structures and at high temperatures the performance is similar to forged IN718 and better 

than cast IN718 [55]. The scale of the fine structures can be controlled by controlling the 

solidification conditions. This was explored for dendrite spacing in IN718 and cell spacing in 

AlSi10Mg in the laser melting process [41,50]. For AlSi10Mg, Tang et al. [41] showed that that 

cell spacing can be refined by increasing the cooling rate and the relationship with cooling rate 

follows the trend presented in literature for splat cooling process [97]. However, these results for 

cell spacing dependence on cooling rates are presented for single bead samples. Thus, more work 

needs to be done to test their validity in solid builds. In addition, there is still potential to utilize 

these cell spacing control techniques to achieve location specific control of microstructure in a 

single component.  

It is clear that columnar growth is typical in additively manufactured components. This 

results in anisotropy in the properties of the part where it is not desired. Given the nature of AM, 

the beam parameters can be controlled to control the solidification conditions which affect the 

grain growth and thus resulting texture of a part. Previous works have demonstrated the control of 

grain texture in laser melted 316 stainless steel [32] and in nickel super alloy IN718 using electron 

beam melting[98–100]. However, in these works, the control was achieved through modulating 

the beam spot size, shape and scanning pattern. Another means to achieve control via melting 

parameters: beam power and velocity was demonstrated by Gockel [28]. Results from that work 

indicated that beam power and velocity can be used to control the thermal gradients and 

solidification rates which in turn affect the grain morphology. In addition, relationships between 
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melt pool shape and grain morphology was also presented for Ti64. Similar work by Liu et al. 

[101] on super alloy single crystals demonstrated the effect of melt pool geometry on growth 

pattern and microstructure in a melt pool. The results from these works are on single melt tracks. 

Therefore, more work is needed to test the control of texture via control of melting parameters in 

solid components and link it back to melt pool geometry control. 

To summarize, the major issues that are unaddressed so far are (i) developing process 

themes (process variable sets) for a new alloy system with minimal experimentation and utilizing 

the process knowledge base of the existing alloy systems (ii) a quick way to extend the standard 

process theme limits while using the machine (iii) relating the process themes across different AM 

processes [88]. With the projected increase in the use of AM in industry, new materials will be 

developed further for use in AM equipment and it is important to have a framework that can be 

used to transfer process knowledge from known materials to a new material system. It is also 

important to understand the solidification microstructure that forms during the build to reduce the 

time spent in post-processing procedures. Along with the above mentioned requirements, 

relationship between, process variables, resulting microstructure and properties will advance the 

process development and qualification methods
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3 Location Specific Solidification Microstructure Control in Powder 

Bed Electron Beam Melting of Ti-6Al-4V  

3.1 Overview 

In this work, relationships between prior beta grain size in solidified Ti-6Al-4V and melting 

process parameters in the Arcam Electron Beam Melting (EBM) process are investigated. Toward 

this goal, samples are built on an Arcam S12 machine at Carnegie Mellon University by varying 

the Arcam proprietary speed function and beam current over process space for a variety of test 

specimens listed in Table 3-1. Optical microscopy is used to measure the prior beta grain widths 

and assess the number of prior beta grains present in a melt pool in the raster region of the build.  

Results show that despite the complicated evolution of beta grain sizes in solid parts, beta grain 

widths still scale with melt pool size. This highlights the controlling role of solidification cooling 

rate (which scales with melt pool cross sectional area) and yields an important insight on the 

control of prior beta grain widths in raster regions of bulky parts. The resulting understanding of 

the relationship between primary machine variables and prior beta grain widths (also referred to 

as grain size in this Chapter) is then used to demonstrate spatial control of as-built microstructure 

in the EBM process. Part of this chapter is published in the proceedings of the Solid Freeform 

Fabrication symposium [36].  

Table 3-1: Terminology to refer to experiments. 

Experiment Designation Description 

No added powder single beads Beam on  plate with no powder  

Solid blocks Multi-layer pad experiments (blocks) 

Donut  Component with donut shaped region lying inside a square  
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3.2 Methods 

3.2.1 Integrated Melt Pool Geometry and Microstructure Control via Process Mapping  

The process mapping technique developed by Beuth et al. [87] relates identified primary process 

variables: beam power (P), travel speed (V), background temperature, material feed rate or layer 

thickness and local part geometry to main process outcomes such as process precision, build rate, 

microstructure, and flaw formation [88]. Previous work done by Gockel [28] demonstrated that 

the process maps for cooling rate which govern grain size follow similar trends to process maps 

of melt pool size for Ti64 in electron beam melting processes. This means, if the melt pool size 

can be controlled, grain size can also be controlled; this is referred to as integrated melt pool 

geometry and microstructure control. These ideas are used for prior beta grain width control in the 

electron beam melted Ti64.  

3.2.2 Experiments 

Experiments performed consists of no-added powder single beads, solid blocks and a donut sample 

with location specific variation of process parameters. Details of the experiment parameters and 

layouts are discussed in the following sections. All the experiments are performed on an Arcam 

S12 machine with EBM control software 3.2.2 at Carnegie Mellon University. Gas atomized Ti64 

powder with size range 50 – 100 µm [82] was used for solid blocks and the donut sample. This 

powder was used for multiple builds, so the composition of powder might differ slightly from the 

standard powder supplied by Arcam. 70 micron thick powder layers were used in this build. Except 

for the melting parameters of the beam, additional parameters which control the part fabrication 

such as start plate heating, heating of powder layers, scanning pattern, hatch spacing etc. follow 

the standard Ti64 process parameters available on the Arcam S12 at Carnegie Mellon University.  
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The purpose of these tests is to vary the melt pool geometry by controlling the amount of energy 

that is being delivered by the electron beam which in turn is shown to affect the cooling rates and 

thus the solidification microstructure.  

The primary variables for beam control in the EBM process are beam speed, beam current, 

speed function and focus offset as shown in Figure 3-1. Beam speed and beam current parameter 

values are used only when the builds are done in manual mode which means the operator has to 

explicitly communicate with the machine to execute different steps during the build process. For 

regular builds, the automatic mode is used. When a part is built in the automatic mode, beam 

current and beam velocity are changed with part height based on a thermal model embedded in the 

machine’s control software. Speed function controls the change in beam velocity with change in 

beam current. The focus offset controls the spot size of the electron beam. In this work, the effect 

of focus offset is not discussed in detail and for more details on the effect of focus offset, readers 

can refer to work done by Francis [102].  Because the main goal of the work is to enable the process 

control in automatic mode, the speed function is varied in the experiments to study the control of 

prior beta grain size. This will enable any user with basic Arcam user training to modify the process 

conditions and thus control the final part microstructure.  

 

Figure 3-1: Primary beam parameters on the Arcam S12 machine. 

Previous work by Gockel [28] concluded that melt pool grain size scales with effective 

melt pool width for single beads in the EBM process. This demonstrates that prior beta grain size 
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can be controlled by controlling the melt pool size. In that work, the author conducted experiments 

by directly varying beam power (current) and velocity (speed) to maintain a constant cross-

sectional area of the melt pool whereas, in this work, velocity is not controlled explicitly by the 

user, but the machine parameter speed function is changed to vary the velocity to yield a melt pool 

with constant cross-section area. 

3.2.2.1 No Added Powder Single Bead Experiments 

The speed function parameter was studied in the past by some researchers working in the area of 

EBM[9,30]. It was observed that for a constant speed function, melt pool size remains constant. 

However, the explicit relationship between the speed function and melt pool geometry is not 

available.  This served as the motivation to perform no-added powder single bead experiments to 

map out the relationship between melt pool area and speed function.  

No-added-powder single bead tests were performed for different speed function and beam 

current combinations as listed in Table 3-2 on an Arcam S12 machine at Carnegie Mellon 

University. The specks of powder that are present in the Figure 3-2 are those which fell on the top 

when the door was opened after the build was completed. The beam carrying a specified current 

and operating at a given speed function traveled from one end of the plate to the other leaving 

rectangular melt tracks as shown in Figure 3-2. The base of the plate was maintained at a 

temperature of approximately 750 °C.  

Table 3-2: Experiment parameters for no-added material single bead experiments. 

Sample No. Beam Current (mA) Speed Function Focus Offset (mA) 
1 (Nominal)  17 36 19 

2 17 17 19 
3 17 7 19 
4 17 75 19 
5 17 154 19 
6 8.5 36 19 
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7 8.5 17 19 
8 34 36 19 
9 34 17 19 
10 12 30 0 
11 12 13 0 
12 12 4 0 
13 12 64 0 
14 12 130 0 
15 6 30 0 
16 6 13 0 
17 24 30 0 
18 24 13 0 

 

 

Figure 3-2: Ti64 plate (~210W×210L mm) with melt tracks formed at different beam 

parameters. 

3.2.2.2 Multi-Layer Pad Experiments (Solid Blocks) 

Figure 3-3 shows the top view of the experimental layout of 9 multi-layer blocks of dimensions 

30W×30L×20H mm built by varying the speed function and beam current in the build theme 

(shown in Figure 3-1) while holding other melting parameters constant. As detailed in Table 3-3, 

out of 9 samples, 5 samples were built with varying speed function at a constant beam current. The 

remaining 4 samples were built with varying beam current at constant speed function. Sample 1 

was built using the nominal build conditions for the Ti64 alloy that are available on the Arcam 

S12 machine. It is important to note that the number of test samples reduced when we moved from 
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single beads to multi-layer pads. Single bead experiments are easy to perform and do not require 

powder which results in a quick and inexpensive tests. However, multi-layer pads are time-

consuming to build and they require powder which makes these tests more expensive. 

Additionally, not many multi-layer blocks fit on the 210 mm x 210 mm build envelope in the 

Arcam S12 machine. Hence, information from single layer pads is used to develop an experiment 

plan for multi-layer pads in which prior beta grain size is varied systematically.  

 

Figure 3-3: Above view of multi-layer (solid) blocks in the build chamber. 

Table 3-3: Experiment parameters used in solid build tests. 

Block No. Beam 

Current mA 
Speed 

Function 
1 (Nominal) 17 36 

2 17 17 
3 17 7 
4 17 75 
5 17 154 
6 8.5 36 
7 8.5 17 
8 34 36 
9 34 17 

 

Figure 3-3, it can be observed that for the bottom 2 samples the edges have wave-like 

discontinuities in the contour region which are identified in the layout. This is caused by the 



37 

 

melting parameters in the contour region for samples 8 and 9 resulting in excess heat buildup - 

affecting the surface finish of the sample. However, contour regions are not studied in this work 

and since raster regions are of interest in this work, samples 8 and 9 can still be used for analysis 

of the raster regions.  

3.2.2.3 Donut Sample 

Based on the information obtained from single beads and multi-layer pads, it is now possible to 

achieve a single chosen prior beta grain width in a test block by varying the melt pool cross-

sectional area. The next goal was to confirm that microstructure can be varied spatially in a single 

part, i.e. test the ability to obtain different grain sizes in a single part. Toward this goal, the part 

geometry as shown in Figure 3-4 was built on the Arcam S12 machine. Dimensions are 

18W×18L×10H mm. The objective of this experiment is to vary the prior beta grain size by a factor 

of 4 in different regions on the block. Each region is loaded as a separate part file onto the machine 

and melted with region-specific parameters. Region 1 is melted first followed by Region 3 and 

finally Region 2.  

 

Parameters shown in Table 3-4 are developed based on the results from single bead and 

multi-layer block experiments. It is observed that with an increase in focus offset values, the beam 

Figure 3-4: Experiment layout for the donut sample. 
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spot size increases. At very low speed functions, energy density is high and result in evaporation 

of material which leaves pores inside the melt pool and results in deep melt pools shown in Figure 

3-5. This leads to keyholing porosity [103] in the final component that affects the fatigue life of 

the part. Hence, for Region 1 and Region 3 where the speed function is very low, the focus offset 

was increased to spread out the beam over a larger area to avoid keyholing [104]. Adjustments to 

the focus offset are based on the work presented in [105].  It is important to note that all process 

parameters were changed in-plane and not along the build direction of the sample.   

Table 3-4: Experiment parameters used in fabricating the component. 

Region 

Designation 
Speed 

Function 
Focus Offset 

(mA) 
Region1 2 38 
Region2 36 19 
Region3 2 38 

 

 

Figure 3-5: Example of high aspect ratio (depth to width ratio) melt pool that corresponds 

to keyholing. 

3.2.3 Sample Preparation and Characterization Techniques 

Single bead melt lines were sectioned along the transverse direction of the melt track at locations 

well away from the plate edges where the melt pool reaches steady-state conditions using Wire 

Electrical Discharge Machine (Wire EDM). The solid blocks were sectioned vertically at the center 

plane along the build direction using a diamond wafer blade. Single bead samples and the donut 
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sample were mounted in Konductomet™ mounting compound via hot compression mounting. 

Solid builds were mounted using epoxy because they were larger than the allowable size in hot 

press mounting equipment. The samples were then polished using a Buehler auto-polisher. Details 

of the polishing procedure are provided in Appendix A. Polished samples were etched for 15-20 

seconds using Kroll’s reagent which is comprised of 92 mL of deionized water, 6 mL of Nitric 

Acid (HNO3) and 2 mL of Hydrofluoric Acid (HF) [28].  

Single bead images were taken using an Alicona InfiniteFocus optical microscope. An 

example melt pool is shown in Figure 3-6. In single beads, the melt pool is marked along the 

solidification boundary, where the morphology is different from the start plate as shown in Figure 

3-6. The melt pool dimensions of cross-sectional area, width and depth were measured. Grains 

grew from the melt pool boundary upward and toward the center and, qualitatively, a majority of 

the grains appear to be columnar. Using ImageJ software, the average prior beta grain width was 

measured in the melt pool cross-section using the line intercept method [106] where each intercept 

value is recorded rather than just estimating the average value. 

 
Figure 3-6: Example melt pool marked with cross-section dimensions. 

Solid blocks images were taken both with a 20X objective using a Zeiss Light Optical 

Microscope (LOM) and an Alicona InfiniteFocus optical microscope. In the LOM, dark field mode 

was used to increase the contrast of boundary alpha phase, which aids in identifying the prior beta 



40 

 

grains, and phase colors were reversed to identify the grain boundary alpha clearly. An example 

micrograph of a solid block with columnar prior beta grains is shown in Figure 3-7. Grain widths 

were measured from the blocks using the line intercept method [106] at heights of 19 mm, 17 mm, 

15 mm, and 12.5 mm (above the build plate) across the bulk raster region as illustrated in Figure 

3-8. In order to avoid the edge effects when beam turns around to melt the next track, 

measurements were taken at least 2mm away from the edge. This is based on the visual observation 

of the grain growth direction from the optical micrograph. Near the edges, grains are curved 

towards the center of the block which slowly transitions to grains that grow along the build 

direction. Prior beta grain sizes were measured in the top half of each block, where it was expected 

that a steady-state value of beta grain widths might exist as shown in Figure 3-8.  

 

 

 

 

Figure 3-7: Columnar grains growing 

along build direction in Ti64. 
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Figure 3-8: Illustration of region considered for measurement of prior beta grain widths in 

solid blocks. 

The donut sample is not sectioned along the build direction. Instead, it is mounted such 

that the polished section presented the view from above as shown in Figure 3-9. This image was 

captured with 2.5X objective using an Alicona InfiniteFocus optical microscope. The sample is 

polished 2.5 - 3 mm deep into the part. The circular intercept method [106] was used to measure 

the average prior beta grain width in different regions of the component. The black colored circles 

in Figure 3-9 denote the boundaries between different regions, whereas white circles denote 

regions where average prior beta grain widths were measured. It is important to note that, the 

region of interest is small and not many circles can be drawn to obtain information on variability. 

Hence, coordinates of the grain boundaries intercepting the circle were used to measure the length 

of each grain intercept and this data is recorded for all the circles. The line intercept method could 

not be used owing to the small length of a line that could be drawn in the region of interest. This 

in turn results in not being able to include a sufficient number of grains. Mounting the sample to 

facilitate the above view aids in understanding the overlap between different regions; this is 

discussed in results section.  
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Figure 3-9: Illustration of region considered for measurement of prior beta grain widths in 

a single component. 

3.3 Results: Solidification Microstructure  

3.3.1 Single Bead Experiments 

No-added material single bead experiments are used to map out the effect of the speed function on 

melt pool size and the variation of prior beta grain size with the speed function. Both of these 

results are discussed in detail in the follow sections.  

3.3.1.1 Melt Pool Geometry Mapping 

Melt pool geometry characteristics which are estimated from the cross-section of the single bead 

melt track are width, depth and area. Table 3-5 details these estimates for all of the single melt 

tracks. From Figure 3-2, it can be seen that for every process variable combination, the scan trace 

is rectangular in shape. When these rectangular boxes are sectioned to observe the cross-section 

of the melt track, it results in 2 melt pool cross sections per track. Measurements in Table 3-5 are 

an average of the measurements obtained from the two melt pools at the cross-section. Samples 4, 

5 and 8 resulted in melt pools which are particularly shallow, making it difficult to identify the 

exact melt pool boundary. Hence, measurements from those three samples are not provided. 
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For a constant speed function, if beam current is increased, the melt pool width increased 

and depth decreased though the change in area is not significant. In cases with a focus offset of 0 

mA where the beam spot size is expected to be minimized, at lower speed functions, the change in 

area caused by a change is beam current is significant. This is because of the keyholing phenomena 

[107]. In the keyholing process region, the change in melt pool area is not negligible.  This is 

evident from samples 11, 16 and 18 where the melt pool area changed by more than 10%. In these 

cases melt pool area is taken from the cases where the melt pool is not too deep and is on the 

threshold of keyholing.  

Table 3-5: Cross-section dimensions of the melt pool from single bead experiments. 

Sample 

Designation 
FO 

(mA) 
Beam 

Current 
(mA) 

SF Width 

(µm) 
Depth 

(µm) 
Average Area 

(µm²) 

1 19 17 36 1047 57 4.8E+04 

2 19 17 17 1172 110 1.2E+05 

3 19 17 7 1265 268 2.7E+05 

6 19 8.5 36 702 95 4.9E+04 

7 19 8.5 17 777 175 1.0E+05 

9 19 34 17 1865 96 1.4E+05 

10 19 12 30 608 194 9.0E+04 

11 0 12 13 557 397 1.7E+05 

12 0 12 4 890 912 4.8E+05 

13 0 12 64 537 92 3.0E+04 

14 0 12 130 454 52 1.5E+04 

15 0 6 30 442 217 7.9E+04 

16 0 6 13 647 234 1.9E+05 

17 0 24 30 1089 83 7.2E+04 

18 0 24 13 1228 185 1.6E+05 
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Though the focus offset variable is known to control the beam spot size, these experiments 

show that beam current also affects the spot size for a given focus offset value. To be specific, for 

a given focus offset, if the beam current is increasing, spot size also increases as evidenced by the 

increase in melt pool width and decrease in melt pool depth. However, it is observed in the previous 

study by Francis [105] that the change in spot size has less impact on melt pool area when 

compared to width and depth. This is also evident from the melt pool dimension values in Table 

3-5.  

For estimating the melt pool area, the average of the melt pool areas is calculated from 

those melt pools whose area is not affected by the change in beam spot size. These area calculations 

are outlined in Table 3-6. Figure 3-10 shows the plot of speed function versus melt pool area from 

these experiments. Since there are only two melt pools that are used in measurement, a variability 

analysis is not provided. 

Table 3-6: Measurement of melt pool areas for different speed functions. 

SF Average Area (µm²) 
4 4.8E+05 
7 2.7E+05 
13 1.7E+05 
17 1.1E+05 
30 7.6E+04 
36 4.8E+04 
64 3.0E+04 
130 1.5E+04 
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Figure 3-10: Variation of melt pool area with speed function on Arcam S12 machine. 

3.3.1.2 Solidification Microstructure Mapping 

Grain sizes are measured from the melt pools in which the prior beta grain boundaries were easily 

identifiable. Using the line intercept method [106], a line is drawn across the grains in the melt 

pool and each grain width is measured using ImageJ software. This data provides information 

about both the average prior beta grain width and also existing variability. Table 3-7 provides the 

details of the prior beta grain width measurement along with standard deviation and standard error 

values.  

Table 3-7: Measurements of average prior beta grain widths for single beads. 

Sample 

Designation 
Effective 

Width (µm) 
Average Grain 

Width (µm) 
Standard 

Deviation (µm)  
Standard Error 

(µm) 
Grains per 

Width 

2 528 25 9 2 21 
3 832 37 11 2 22 
11 654 34 13 3 19 
15 439 22 9 2 20 

 

0.00E+00

1.00E+05

2.00E+05

3.00E+05

4.00E+05

5.00E+05

6.00E+05

0 20 40 60 80 100 120 140

M
el

t 
P

o
o

l 
A

re
a 

(µ
m

²)

Speed Function



46 

 

Figure 3-11 shows the plot of prior beta grain width variation with speed function in single 

beads. This plot illustrates a distinct relationship between melt pool area and prior beta grain size. 

Instead of melt pool area, effective width is used to be able to compare the results with previous 

work on integrated melt pool geometry and microstructure control in electron beam melting of 

Ti64 [28]. Effective width is calculated by assuming a semi-circular melt pool where diameter is 

equal to width of the melt pool. It was found that prior beta grain width scales with effective width 

such that the average number of grains per effective melt pool width is approximately 21 for all 

the measured melt pools. Error bars in the plot represent a 95% confidence intervals (CI) about the 

average grain width. Only 2 values for melt pool width were available since only 2 melt pools are 

available for measurement and hence insufficient data is available to present the CI.  

 
Figure 3-11: Variation of prior beta grain width with melt pool width in single beads. 

Previous work done by Gockel [28] found that melt pool grain size scales with melt pool 
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the melt pool was found to be 7 instead of 21, as reported in this document. In that work, the author 

conducted experiments by directly varying power and velocity to maintain a constant cross-

sectional area of the melt pool. An example melt pool which has a similar cross-sectional area to 

the melt pool from the present study is shown in Figure 3-12. 

 

Figure 3-12: Illustration of the effect of substrate grain size on prior beta grain width in 

melt pool. 

For similar build conditions, there is change in the grain size in both of the melt pools. It 

can be seen that there are differences between the grain sizes of the start plate in both the cases. 

Grains are bigger in the substrate used by Gockel [28], resulting in fewer  grains (7) per melt pool 

when compared to the substrate used in the current study which resulted in higher number of grains 

(21) per melt pool. This is likely due to the higher number of nucleation sites available in the start 

plate with finer grains when compared to the start plate with coarser grains. These results provide 

a great motivation for studying the effect of grain size in the substrate or the previous layers during 

the layer-by-layer building process. Chapter 4 investigates this topic in detail and the implications 

it has on the location specific-control of solidification microstructure in the donut sample.  
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3.3.2 Multi-Layer Pad Experiments (Solid Blocks) 

It was observed from Figure 3-7 that the solid build microstructure consists of columnar grains 

growing along the build height. This has been reported in previous work [30,82] focusing on 

understanding Ti64 solidification microstructure. There were no traces of individual melt pools or 

powder layers in the final build because the grains grow through layers. This can be due to 

remelting caused by the pre-heating step and heat from melting subsequent layers during the build 

process [108][82]. In all the samples, the grain growth pattern is similar to that observed in the 

nominal case, with the exception of samples built with higher speed functions, yielding shallower 

melt pools. These specimens experienced significant porosity due to lack-of-fusion as shown in 

Figure 3-12. In these cases, heat transfer pathways are different from that of fully-melted samples, 

which leads to irregular microstructure close to these pores compared to the fully-melted cases. 

Measurements in these samples were taken in regions well away from the pores to avoid their 

effect on microstructure.  

 

Figure 3-13: Lack of fusion porosity in solid blocks with shallow melt pools. 

At the part heights considered, there is a large variation in grain width values across the 

width of the sample. This is evident from an example grain size distribution plot shown in Figure 

3-14 for Sample 1. There is wide dispersion in the grain size values and they follow close to log-

normal distribution and grain sizes from different heights overlap which means steady-state 
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conditions were achieved. This variation can be either because of the natural variability observed 

in the grain growth or because the grain sizes were measured from a 2D section. With the available 

information, it is not possible to distinguish quantitatively between the variability resulting from 

these two sources. Grains at the lower tail of the distribution are likely (i) the ones which are either 

growing along directions other than the build direction and only part of the grain is available for 

measurement in the cross-section used for analysis or (ii) those which did not survive during the 

competitive grain growth. They also come from the grains which have just started growing and are 

narrow. Hence, grain size distributions are important to understand the probability of occurrence 

of grain sizes as well as the range which includes the majority of the grains. Even though there is 

variability in grain widths at different heights of the sample, the variability of the average grain 

widths across all heights in a single test block is low as illustrated in Figure 3-15. 

 

Figure 3-14: Probability plot (cumulative) of the of the grain size distributions at different 

heights for sample 1. 

Based on the large-sample theory [109], a 95% CI is estimated using the general procedure 

for a normal distribution even though the actual grain width distribution is log-normal. In this 

analysis, blocks 7 and 8 are not analyzed since blocks 6 and 9 address the case where beam current 
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is being varied for the same speed function. It is expected that within the bottom 5mm of each 

block, a transition occurred between the small grains seen in the single bead tests to the much 

larger widths observed in this study. This is investigated in detail in Chapter 4.  

 
Figure 3-15: Variation of average prior beta grain widths with part height for different 

melt conditions. 

Since the variation in average grain widths at different heights is not significant, all the 

grain width values from different heights are combined in each sample to estimate the average 

grain width. Details of these measurements are provided in Table 3-8 and grain size distributions 

in steady-state regions for different samples is shown in Figure 3-16. Grain widths follow log-

normal distribution and there is wide dispersion in all the samples. For different beam currents and 

the same speed function, grain size distributions overlap which implies that there is no effect 

caused by the beam current parameter specified in the process theme at the beginning of the build 
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for these samples. With an increase in speed function, the grain size distribution curves shift toward 

lower values. 

Table 3-8: Measurement of average prior beta grain widths in solid blocks. 

Sample 

Designation 
Effective Width 

(µm) 
Average 

Grain Width 

(µm) 
Standard 

Deviation (µm)  
Standard Error 

(µm) 
Grains per 

Width  

1 350 123 84 3 3 
2 528 183 121 6 3 
3 832 268 164 12 3 
4 257 91 22 4 3 
5 180 69 20 6 3 
6 350 121 73 3 3 
9 528 184 109 5 3 

 

 

Figure 3-16: Probability plot (cumulative) of the grain sizes in solid blocks built with 

different melt parameters. 

Grain width values from solid blocks are plotted against the melt pool width from single 

beads as shown in Figure 3-17. It is interesting to note that the grain width still scales with melt 

pool width and the number of grains per melt pool width is 3. A comparison of the number of 

grains per melt pool width from single beads and solid blocks is shown in Figure 3-18. The 

decrease in number of grains per width in solid blocks can be explained by the fact that in 

multilayer builds, columnar prior beta grains span multiple layers of the build and increase in width 
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due to competitive growth. As they grow, they take the place of some grains that narrow and die 

out because their crystal growth direction is not aligned with the direction of heat transfer. What 

is most interesting is that despite the complicated evolution of beta grain sizes in solid parts, beta 

grain widths still scale with melt pool widths. This highlights the controlling role of solidification 

cooling rate (which scales with melt pool cross sectional area) and yields an important insight into 

how to control beta grain widths in raster regions of bulky parts. Control of melt pool cross 

sectional area (and the related effective melt pool width) results in the control of beta grain width.   

 
Figure 3-17: Variation of prior beta grain width with melt pool width for solid blocks. 
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Figure 3-18: Comparison of number of grains per melt pool width in single beads and solid 

blocks. 

Using this knowledge, average grain width in the solid blocks can be varied over any range 

of values. Figure 3-19 shows example micrographs of the samples with average widths ranging 

from 91 – 277 microns.  

 

Figure 3-19: Location specific variation of prior beta grain size over a range of values in 

solid builds. 
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3.3.3 Location Specific Solidification Microstructure Control in Ti-6Al-4V 

The donut sample consisted of three different regions in which Region 1 and Region 3 are expected 

to have a grain size which is 4 times that in Region 2. From Table 3-9, the ratio of average prior 

beta grain width between Region 1 and Region 2 is 3.5 which is 12.5% less than the expected ratio 

of 4. Since, large number of grain widths are used for analysis, standard error values are not 

significant and 95% CIs about the average grain widths are not large in Region in 1 and Region 2. 

On the other hand, it can be observed from Figure 3-20 (left) that the grains in Region 3 are 2.5 

times than the grains in Region 1 though the melting parameters are the same. This is likely due to 

the heat buildup in this region. This shows that deposition path and part geometry are critical for 

cooling rate control.  

Table 3-9: Measurement of average prior beta grain width in component. 

Region 

Designation 
Average Grain Width 

(µm) 
Standard Deviation 

(µm) 
Standard Error 

(µm) 
Region 1 430 165 21 
Region 2 121 63 5 
Region 3 1066 299 106 

 

 

Figure 3-20: Central region of the component (left) and lack of overlap regions identified 

across the boundaries (right). 
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At the prior beta transus temperature, beta transforms to α+β morphology. Thus, α 

morphology also depends on the post-solidification heat transfer which is determined by non-

melting parameters such as build height, build duration and build geometry. In these experiments, 

apart from prior beta grain size, there is also a difference in α morphology at different energy 

densities as shown in Figure 3-21. These morphological features are identified in Figure 3-21 for 

both high and low energy density scenarios. The micrograph on the left is of a higher cooling rate 

sample and has both grain boundary α (αgb), basket weave and colony α( αp). Micrograph on the 

right is of a lower cooling rate sample and has comparatively coarser α both nucleating at the grain 

boundaries and inside the beta grain resulting in basket weave morphology. Thus, α structures are 

coarser in lower cooling rate region when compared to the higher cooling rate region. This means 

constraining beta grains can also significantly affect alpha grains, which have a much more direct 

tie to mechanical properties. 

 

Figure 3-21: Comparison of prior beta grain widths and alpha morphology in Region 2 

(left) and Region 1 (right) which have different cooling rates. 

The transition between interfaces is discussed in detail in Chapter 8. From Figure 3-20 

(right), it can be observed that there is porosity in some locations at interfaces between different 

regions. This is due the poor adjustment of the overlap between the part files at the beginning of 

the experiment.  Thus, along with deposition path and turn-around effects, there should be proper 
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overlap between the different locations of the component to minimize porosity due to lack of 

overlap between the components.  

3.4 Effect of Changing Prior Beta Grain Size on Mechanical Properties 

Cunningham et al. [110] had studied the effect of changing prior beta grain size on mechanical 

properties via tensile testing. Results from that work show an increase in α lath width with increase 

in prior beta grain size. To be specific, by increasing the grain size by a factor of 2, resulted in a 

20-30% decrease in the yield strength and ultimate tensile strength. This study also reported a 

possible slight increase in elongation with increase in prior beta grain size.  Thus, it is critical to 

understand the prior beta grain size control to the α lath and thus, the properties of the part. This 

result can be explained based on the scaling of cooling rate at solidification and at beta-transus 

temperature. Cooling rates at the beta-transus temperature control the α structure. This means, 

lower cooling rates at solidification resulting in coarser prior beta grains result in lower cooling 

rates at beta transus resulting in a coarser α. This will decrease the yield strength and ultimate 

tensile strength of the part [111].  

3.5 Conclusions 

Part qualification is critical for widespread commercialization of AM and knowledge about as-

built properties is critical in speeding up the qualification process. This study contributes to 

understanding and controlling as-built microstructure in the Arcam EBM process space for Ti64, 

with a focus on prior beta grain size.  

The role of Arcam-defined beam parameters in controlling melt pool geometry and 

microstructure have been determined in detail through literature review and experimentation. 

Based on the concept of prior beta grain width scaling with melt pool width for single-bead 
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geometries for the Arcam EBM process and an electron beam wire feed process, prior beta grain 

width control has been extended to multi-layer blocks, i.e. multi-layer solid build geometries filled 

by raster patterns. Results demonstrate that prior beta grain width scales with effective melt pool 

width (melt pool size) in solid builds. This greatly simplifies the strategy for controlling beta grain 

widths to one of controlling melt pool size. These results are further used to vary the microstructure 

methodically in different locations of a single part which was successful. Further, this integrated 

melt pool dimension and microstructure control strategy is demonstrated to be achievable by 

modifying Arcam-defined beam variables that are accessible for any Arcam user with basic 

operational training.  
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4 Transitions in Solidification Microstructure of Ti-6Al-4V in 

Powder Bed Electron Beam Melting Process 

4.1  Overview 

In chapter 3, location-specific control of prior beta grain size in Ti-6Al-4V is demonstrated. 

Two important things to note are: (i) the part design for location-specific control involved 

varying the parameters in the x-y plane and not along the build direction and (ii) for the test 

blocks, measurements are taken in the top half of the block where the grain dimensions have 

reached steady-state. Achieving location specific control of microstructure in a component, 

however, will involve changing the process parameters both in the x-y plane and along the 

build direction. In addition, this knowledge will provide insights into the effect of existing 

substrate grain size on the as-built part grain size, which has implications for developing 

process parameters for repair of components. Hence, it is critical to study the response of 

microstructure to changes in process variables within a single component.  

This chapter investigates the response of prior beta grain size to change in process 

parameters, which in turn change the thermal conditions in a single component. Methodical 

mapping of grain response distance along the build direction is performed through 

experimentation. Additionally, in-plane transition is also studied. This response distance 

knowledge is then used to achieve location-specific control of prior beta grain size in the dove 

tail region shown in Figure 4-3 of the generic General Electric (GE) compressor blade.   
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4.2 Methods 

4.2.1 Experiment Progression 

In chapter 4, experiment progression included the process flow from single beads to multi-layer 

pads to solid builds to a component in which region-specific grain size control was demonstrated. 

However, a critical component which is missing in the experiment progression are experiments to 

understand transition in microstructure with changes in process parameters. In this chapter, 

transition experiments are added to the experiment progression for location-specific control of 

solidification microstructure which is highlighted in Figure 4-1. These experiments are discussed 

in detail in the following sections.  

  

  
Figure 4-1: Experiment progression for location specific control of microstructure.  
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 The Arcam S12 machine with EBM control software 3.2.2 was used to conduct the 

experiments presented in this chapter. Gas atomized Ti64 powder with size range 50 – 100 µm 

[82] was used. This powder was used for multiple builds, so the composition of powder might 

differ slightly from the standard powder supplied by Arcam. 70 micron thick powder layers were 

used in this build. Except for the melting parameters of the beam, additional parameters which 

control the part fabrication such as start plate heating, heating of powder layers, beam focus offset, 

scanning pattern, hatch spacing etc. follow the standard Ti64 process parameters available on the 

Arcam S12 at Carnegie Mellon University. 

4.2.1.1 Transition Experiments  

The main objective of these tests is to study the response (transition) distance along both the build 

and in-plane directions when process parameters are changed to vary the grain size in different 

locations of the component. In-plane variation was investigated using the donut sample discussed 

in Chapter 3. Hence, in this section, transition experiments are conducted with the main focus on 

the build direction transition.   

Table 4-1: Experiment parameters for build direction transition experiments. 

Scaling Factor 

(X=124 µm) 
Speed Function 

Focus Offset 

(mA) 

X 36 19 

2X 9 27 

4X 2 38 

 

Table 4-1 details the process parameters and Figure 4-2 (left) illustrates the layout for these 

experiments. X here refers to the average grain size calculated from the nominal melting 

parameters used on the Arcam S12, 2X means the parameters were adjusted to result in a nominal 
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average grain size that is 2 times larger than the nominal grain size and likewise for 4X. The beam 

spot size was increased by increasing the focus offset for the 2X and 4X samples to eliminate 

porosity resulting from the key holing [105]. The red blocks in Figure 4-2 (left) are samples that 

failed during the build due to excess heat buildup that caused part deformation and thus affected 

the spreading of powder and resulted in deformed components as shown in Figure 4-2 (right). 

Hence, these blocks were not used for any further analysis. Samples 1-3 were used to map the 

response distances for changes in microstructure. 

 

Figure 4-2: (left) Layout for transition experiments and (right) deformed sample due to 

excess heat buildup and incorrect spreading. 

4.2.1.2 Fabricating a Component 

The dove tail region of the generic GE compressor blade shown in Figure 4-3 is used as a case 

study to implement location specific control with knowledge of the transitions and response 

distance for grain size. The dimensions are modified to increase the size of the dove tail by 2 times 

for fabrication and characterization purposes. The goal is to have fine grains at the stress 

concentrators in order to increase the yield strength in that location. At the same time, process 

parameters had to be selected such that there will be enough grains for measurement since these 

regions are only 1.64 mm wide as identified in Figure 4-3. Parameters used in this test are outlined 
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in Table 4-2. During the fabrication process, for the middle section which consists of the stress 

concentration region (identified by arrows in Figure 4-3), the entire section was first melted with 

parameters that result in finer grain sizes. After that, the middle section excluding the stress 

concentration regions was remelted with parameters which result in coarse grains. This was done 

in order to eliminate any overlap porosity between the fine grain and coarse grain regions. This 

component was built without any contours and thus has rougher surface on the edges when 

compared to samples built with contours. This roughness at the edges can be observed in Figure 

4-5. 

 

Figure 4-3: The dovetail region highlighted in the generic GE compressor blade and the 

computer aided drawing (CAD) model showing dimensions. 

Table 4-2: Experiment parameters used in fabricating the dovetail component. 

Region 

Designation 

Speed 

Function 

Target Average Prior Beta Grain 

Size (µm) 

Focus Offset 

(mA) 

Stress 

Concentrators 
51 109 19 

Coarser Grain 

Region 
12 212 19 
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4.2.2 Sample Preparation and Characterization 

The solid blocks and the dovetail were sectioned vertically at the center along the build direction 

using a diamond wafer blade in order to study the grain size response along the build direction for 

different processing conditions. The sectioned samples were mounted in Konductomet™ 

mounting compound via compression mounting. The samples were then polished using a Buehler 

auto-polisher. Details of the polishing procedure are provided in Appendix A. The polished 

samples were etched for 15-20 seconds using Kroll’s reagent which is comprised of 92 ml of 

deionized water, 6 ml of Nitric Acid (HNO3) and 2 ml of Hydrofluoric Acid (HF) [28]. An example 

image of the etched sample is shown in Figure 4-4 and Figure 4-5. In Figure 4-4, coarser grains 

were followed by the finer grains and it can be observed that the transition between the two grain 

sizes is clearly visible. 

 

Figure 4-4: (left) Polished and etched cross-section and (right) illustration of region 

considered for measurement of prior beta grain widths at different heights. 
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Figure 4-5: Polished and etched cross-section of the stress concentrator region in the 

dovetail component. 

Images were taken using an Alicona InfiniteFocus optical microscope. For the solid blocks 

grain widths were measured from the blocks using the line intercept method [106] at heights of 5 

mm – 16 mm from the bottom of the sample, across the bulk raster region as illustrated in Figure 

4-4 (right). When using the line intercept method, each intercept is measured in order to construct 

the grain size distribution plots and understand the dispersion in the grain sizes. Since the focus is 

on understanding the transition in grain sizes, for the dovetail region, the grain sizes were 

calculated from the interface towards the stress concentrator region until the measurements 

reached a steady state value.  

4.3 Results  

4.3.1 Solidification Microstructure  

In Chapter 3, Ti64 solidification microstructure is discussed with the main focus on changes in 

prior beta grain size with changes in process parameters which control the melting process. Using 

different process parameters within a single component yields different types of microstructure 

due to the change in solidification conditions. However, it is important to note that there is a 

transition region between areas with different solidification conditions. This work discussed the 
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two types of transitions in the microstructure with changes in process variables: in-plane transition 

and transition along the build direction that are discussed in detail in the following sections. 

4.3.1.1 In-plane transition 

The donut shaped sample shown in Figure 4-6 with melting pattern from Chapter 3 is used to study 

in-plane transitions. In this experiment, the surrounding block (Region1) and circular region 

(Region3) inside the donut are melted first, followed by the melting of the donut region (Region2). 

Region1 and Region3 are deposited with melting parameters which will result in larger prior beta 

grains when compared to Region2.  

 

Figure 4-6:  Experiment layout for the component. 

There is a zone between the different regions which has grain sizes that are smaller than 

the coarse grain regions but larger than the fine grain region. This can be due to the heat transfer 

from one region to the other region during the melting process. This will result in a transition 

region between the two areas with different melting conditions and it can be referred to as an in-

plane transition. Examples of such transitions between different regions in the donut sample are 

shown in Figure 4-7. The image on the left shows the example transition region between the donut 

and the circular region inside the donut whereas the image on the right shows the example 

transition region between the donut and the surrounding block.  



66 

 

 

Figure 4-7: Transition region between: (left) the donut and the circular region inside the 

donut and (right) the donut and the surrounding block. 

This transition distance is on the order of 600 microns, which is approximately equal to the 

typical melt pool width (refer to Chapter 3 for melt pool width measurements) in the electron beam 

melting process. It is important to note that this transition region looks qualitatively similar at both 

the interfaces. Interfaces are marked based on the dimensions from the computer aided design 

(CAD) model used to print the parts.   

4.3.1.2 Transition along the build direction 

This section discusses the transitions along the build direction. Figure 4-8 shows an example 

micrograph from the sample where the melting parameters were changed such that the average 

prior beta grain size changes from X to 2X where X is 124 microns based on the measurements 

for nominal parameters in Chapter 3. It can be observed that the number of grains at each height 

gradually decreased as we move from the bottom to the top region of the image; 8 mm, 9 mm…13 

mm represent the heights at which these images were taken and stacked together to result in the 

comprehensive image. The average grain size measurements at different heights are also provided 

in this figure.   
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Figure 4-8: Example stacked image with micrographs from different heights for Sample 1 

(X2X transition). 

Table 4-3 to Table 4-5 detail the grain size measurements at different heights for the 

samples 1-3 respectively. The standard deviation and standard error values are also provided to 

understand the dispersion about the average grain size and the confidence in the average grain size 

measurement respectively. Figure 4-9 provides the average grain size measurements with a 95% 

Confidence Interval (CI) for all three samples. Based on the large-sample theory [109], 95% CI is 

estimated using the general procedure for a normal distribution despite the fact that the actual grain 

width distribution is log-normal based on results from Chapter 3. The dashed red, blue and green 

vertical lines represent the point at which the melting parameters are changed. From the experiment 

set up it can be seen that for all the samples, changes in process parameters are initiated midway 

through the build, which is at 10 mm. However, in Figure 4-9, it can be seen that the transition 

position is marked at 7 mm for one sample. This is due to the shift in the transition point during 

the build resulting due to the sagging of the bottom section due to larger melt pools. By measuring 

the amount of sagging at the bottom of the sample, the transition location is identified. Also, there 

is an increase in the standard error value with increase in prior beta grain size when compared to 

the cases with smaller prior beta grains. This can be explained by the fact that the number of grains 
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available at a cross-section decreases with an increase in grain size and this results in an increase 

in standard error. It can also be observed that the transition distance from X4X is almost 2 times 

the transition distance from X2X. This can be explained using nucleation and grain growth 

concepts in solidification theory which is discussed in the following section. 

Table 4-3: Details of the average prior beta grain size at different heights for sample 1 

(X2X transition). 

Distance from 

the Base (mm) 
Average Prior 

Beta Grain 

Size (µm) 
Standard 

Deviation (µm) 
Standard 

Error (µm) 

5 127 91 9 
6 128 71 7 
7 125 68 6 
8 118 61 6 
9 121 66 6 
10 166 91 10 
11 171 87 10 
12 223 111 14 
13 218 119 15 
14 213 123 16 
15 255 176 24 
16 217 139 17 

Table 4-4: Details of the average prior beta grain size at different heights for sample 2 

(2XX transition). 

Distance from 

the Base (mm) 
Average Prior 

Beta Grain 

Size (µm) 
Standard 

Deviation (µm) 
Standard 

Error (µm) 

5 239 138 19 
6 224 108 14 
7 223 142 19 
8 218 142 18 
9 142 93 10 
10 113 62 6 
11 120 79 7 
12 114 72 7 
13 122 89 9 
14 105 71 6 
15 124 73 7 
16 111 74 7 
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Table 4-5: Details of the average prior beta grain size at different heights for sample 3 

(X4X transition). 

Distance from 

the Base (mm) 
Average Prior 

Beta Grain 

Size (µm) 
Standard 

Deviation (µm) 
Standard 

Error (µm) 

5 135 69 7 
6 131 74 7 
7 145 86 9 
8 138 65 6 
9 184 94 11 
10 310 157 24 
11 295 147 15 
12 335 204 35 
13 393 262 48 
14 470 320 63 
15 516 262 54 
16 477 274 52 

 

 
Figure 4-9: Average prior beta grain sizes at different heights for samples 1-3. 
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If we consider the X2X example. At the interface, dendrites growing in 2X region 

nucleate from the grains in the X region and are large in number when compared to the dendrites 

nucleating from coarser grains. These dendrites have to grow through a few layers before they 

reach a steady state in 2X region. The transition distance from X2X is the same as the transition 

distance from 2XX. Also, it is important to note from Figure 4-9 that for the X4X transition, 

there is an increase in the average prior beta grain size even before the point of transition in the 

process parameters. The 4X melt pools are bigger and they remelt the previous (lower) layers 

which will increase the grain size in the previous layers. Apart from the above observations, these 

types of measurements can be used to perform a non-dimensionalization of the grain sizes that 

would potentially allow for the estimation of transition distance for any initial and final value of 

average grain sizes. However, in this work, only two different grain size transitions are explored 

and hence it did not result in enough data points to test if non-dimensionalization, or rule of thumb, 

can be developed to estimate the transition distance.  

When collecting the grain size data to estimate the average prior beta grain size, individual 

intercepts were also estimated which were then used to construct the cumulative probability 

distribution plots for grain sizes. At the part heights considered, there is a large variation in grain 

width values across the width of the sample. This is evident from the grain size distribution plots 

shown in Figure 4-10 to Figure 4-12 for samples 1-3 respectively. There is wide dispersion in the 

grain size values and they follow close to log-normal distribution since the points form a straight 

line in the plot. These distributions are provided at the steady-state region in the bottom block, at 

the point of transition, and at the steady-state region in the top block. It can be observed from these 

plots that there is a gradual shift in the cumulative probability distributions with changes in melting 

parameters that result in different prior beta grain sizes. It is expected that the distributions will 
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overlap for steady state region measurements. This information is not provided in the plots here, 

however steady-state region behavior is discussed in Chapter 3. It is also interesting to note from 

the x-2x and 2x-x plots that the large grains in the transition region tend to take longer to transition 

than the small grains (blue and red curves overlap at large grain size in both plots). This agrees 

well with the solidification theory because large grains take longer to die out.  

 
Figure 4-10: Grain width distributions at different heights in sample 1 (X2X transition). 

 
Figure 4-11: Grain width distributions at different heights in sample 1 (2XX transition). 
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Figure 4-12: Grain width distributions at different heights in sample 1 (X4X transition). 

4.3.2 Dovetail Component 

Using the knowledge from in-plane and along the build direction transitions, the dove tail 

component was manufactured such that the stress concentrator regions have finer prior beta grains 

when compared to the rest of the dove tail, as shown in Figure 4-13. The red arrows identify the 

interfaces between the stress concentration regions and the rest of the component. Based on the 

transition distance knowledge from the previous section, a response distance of 2 mm was allowed 

for grains in the stress concentration region from the location where parameter change is initiated.  

 

Figure 4-13: Generic compressor blade and the polished and etched cross-section of the 

dovetail region with stress concentration regions identified. 
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Details of the measured grain sizes from the interface region are summarized in Table 4-6. 

It can be observed from these measurements that the grains in the stress concentrator region are 

finer than the targeted grain sizes in Table 4-2. This can be explained based on the fact that the 

targeted grain size is measured from the central region of the solid blocks away from the edges 

whereas the stress concentrator is the edge region of the component. In the edge regions, during 

the solidification process, grains nucleate from the neighboring powder particles which results in 

finer and larger number of grains when compared to the central section of the solid blocks where 

grains grow bigger with part height. From Figure 4-14 it can also be observed that grains near the 

edge are bent inwards since solid material has higher thermal conductivity when compared to the 

surrounding powder material and dendrites grow in the direction of maximum thermal gradient.  

Table 4-6: Prior beta grain size measurements in the dovetail region from the interface. 

Height from 

the Interface 

(mm) 

Average Prior 

Beta Grain 

Size (µm) 

Standard 

Deviation 

(µm) 

Standard 

Error (µm) 

0 157 73 11 

1 92 59 6 

2 60 59 6 

4 60 37 4 

 

 

Figure 4-14: Example micrograph of the stress concentrator region. 
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Average prior beta grain sizes are plotted against the distance from the interface in Figure 

4-15. On the x-axis, 0 mm refers to the interface where the change in melting parameters was 

initiated during the build. It can be observed from the plot that the average grain size reaches a 

steady-state within 2 mm which agrees with the estimated distance from the previous section.   

 
Figure 4-15: Average prior beta grain sizes at different heights from the interface.  

4.4 Conclusions  

This study contributes to the understanding of the transition/response in prior beta grain size with 

changes in process parameters during location-specific control of as-built solidification 

microstructure in the Arcam EBM process space for Ti64. Two different types of transitions are 

identified based on the plane in which process parameters are changed: in-plane transition and 

build direction transition.  Results demonstrate that in-plane transition is on the order of the melt 

pool widths (microns) whereas the build direction transition depends on the initial and final prior 

beta grain sizes and is typically on the order of multiple melt pool depths (millimeters). The 

0

25

50

75

100

125

150

175

200

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

G
ra

in
 S

iz
e 

(µ
m

)

Distance from the interface (mm)



75 

 

response distance for transition along build direction depends on the initial and final grain size. 

These results are further used to vary the microstructure in different locations of the dovetail region 

of the generic GE compressor blade in order to achieve steady-state fine grains in the regions that 

act as stress concentrators when compared to the rest of the dovetail region. This work is not only 

applicable for location-specific microstructure control in a single component, it also provides 

relevant information for understanding the effect of existing substrate microstructure for repair of 

components where new material is deposited onto the existing substrate. 
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5 Location Specific Control of Solidification Microstructure in 

Laser Powder Bed Fusion of Aluminum Alloy AlSi10Mg  

5.1 Overview 

In Chapter 3, location-specific control of prior beta grain size in a single component made of Ti64 

was achieved by means of integrated melt pool geometry and microstructure control. In this 

chapter, solidification microstructure control through melt pool geometry control is investigated 

in detail for the AlSi10Mg alloy in a laser melting process. First, melt pool geometry control across 

the available selective laser melting process space was studied utilizing both modeling and 

experimental techniques, followed by examination of solidification cooling rates from the thermal 

model which govern the size scale of the features that are formed at solidification. After that, single 

bead, single layer pad, and multi-layer pad experiments were performed and analyzed for melt 

pool geometry, variability in melt pool geometry, defect identification and solidification 

microstructure.  

This work (i) identified the regions in available processing space that will minimize the 

defects due to under-melting and keyholing porosity and produce a high quality part and (ii) 

established concepts of integrated melt pool geometry and microstructure control in laser melted 

AlSi10Mg. Results from this work will help the user to optimize the process for desired outputs 

instead of just using the nominal parameters recommended by the machine manufacturer. 

5.2 Methods 

The following section discusses the process mapping approach, finite element model and 

experiments that are used in this Chapter.   
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5.2.1 Process Mapping Approach 

The process mapping technique developed by Beuth et al. [87] relates identified primary process 

variables: beam power (P), travel speed (V), background temperature, material feed rate or layer 

thickness and local part geometry to main process outcomes like process precision, build rate, 

microstructure, and flaw formation [88]. These identified process outcomes are critical in 

determining the overall part quality. Using this approach, both numerical modeling results and 

experiments can be mapped with minimal data to characterize a process. These maps are especially 

useful in opening up the process space and utilizing the available space to meet application-specific 

requirements [112]. 

5.2.2 Finite Element Model 

Finite element (FE) simulations were run in the ABAQUS [113] environment. This model is based 

on the thermal model developed by [71] for the electron beam wire feed process. In this model, a 

laser beam carrying a specified power moves along the length of the plate in a straight line with a 

specified travel speed. This simulates the no-added single bead tests where no powder is added to 

the substrate. A three dimensional solid element type DC3D8 for diffusive heat transfer  is used in 

the model. This is an 8-node linear brick element. Energy delievered by the laser beam is modeled 

as a uniformly distributed circular heat flux which is applied on the top face of the elements [105] 

as shown in Figure 5-1. This heat flux travles along the axis of symmetry. The diameter of the 

ciruclar heat flux is made equivalent to the estimated spot size on the EOS machine which is 100 

µm [114].  The model is large enough to avoid the effect of free edges on the melt pool. The mesh 

is biased toward the region of interest and a symmetry condition is imposed on the along the mid-

plane of the melt pool, which allows only half of the melt pool to be modeled, thus saving 

computation time. An example biased mesh is shown in Figure 5-1 and Figure 5-2.  
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Simulation parameters are summarized in Table 5-1. The temperature-dependent thermo-

physical properties are available for an aluminum alloy composed of 7% Silicon [115], while the 

alloy of interest is composed of 10% Silicon. This was the closest estimate possible from the 

available information. It is expected that there will be a difference in the liquidus and solidus 

temperatures on the order of 20 K [116]. Nevertheless, this minor difference should not have a 

significant effect on the geometry and cooling rate related output from the model which are the 

primary interest in this work. 

Table 5-1: Simulation Parameters. 

Input Parameter Range  
Absorbed power (W) 30 - 111 (3 levels) 
Travel velocity (mm/s) 200 – 1400 (6 levels) 
Spot size (µm) 100, uniform circular heat distribution 
Preheat temperature (K) 308 
Melting range (K) 840-887 
Latent heat (J/Kg) 425000 
Thermal conductivity (W/m K) 163-73.9 W/m K for T ranging from 298-1273 K  
Specific heat (J/kg K) 880-1190 J/kg K for T ranging from 298-1273 K  
Density (kg/m³) 2680-2300 kg/m³ for T ranging from 298-1273 K 

 

Figure 5-1: 3D FE model showing uniform circular heat flux distribution. 
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Radiation and convection to the surroundings are not modeled since the primary heat 

transfer pathway is conduction into the substrate. These phenomena do not have a significant effect 

on melt pool geometry for laser based AM processes [117] . Apart from the radiation and 

convection at the surfaces, there are temperature dependent fluid flow effects inside the melt pool 

which affect the melt pool depth which is discussed in detail by [73]. These phenomena are not 

included in the current model. However, when the model results are compared against the 

experiments, these affects are factored in as “effective absorptivity” which is discussed in detail in 

§ 5.3. Also, it is observed that fluid flow in the melt pool decreases the surface temperatures of the 

melt pool, especially at the location where heat flux is being applied [73]. In the present work, 

cooling rates are extracted at the tail end of the melt pool away from the point where the heat 

source is applied and hence they should not be significantly affected if fluid flow inside the melt 

pool is not considered in the heat transfer model.  

A melt pool is identified by the region which has temperatures above or equal to the melting 

temperature of the alloy considered for the analysis. Figure 5-2 (Left) shows an example of the FE 

model with melt pool identified as well as the cross-section of the melt pool perpendicular to beam 

travel direction. The cross-sectional area is the maximum area of the steady-state melt pool 

perpendicular to the beam travel direction as marked in Figure 5-2 (Right). Likewise, melt pool 

width and depth are also estimated from the FE model. The cooling rate (dT/dt) is calculated from 

the distance (Δx) between the solidus and liquidus isotherms as identified in the Figure 5-3 for a 

specific beam power (P) and beam travel speed (V) as in Equation 5.1. ∆𝑇 is the solidification 

interval in this equation.  

𝑑𝑇

𝑑𝑡
=  

∆𝑇∗𝑉

𝛥𝑥
      (5.1) 
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Figure 5-2: (Left) Simulated steady-state melt pool shown with beam travel direction and 

(Right) cross-section. 

 
Figure 5-3: Illustration of distance calculation between solidus and liquidus isotherm. 

5.2.3 Experiments 

Simple single melt track experiments were performed by varying beam power and velocity on an 

AlSi10Mg substrate without adding any powder. This was done to find the process window that 

will result in continuous and good quality melt tracks. Also, process maps to control melt pool 

geometry and solidification microstructure were developed using these experiments. Single track 

experiments were then followed by single layer pad experiments to study the variability in melt 

tracks in one layer. Knowledge from the single track and single layer pad experiments was used to 

deposit solid blocks which are either rectangular or cubic samples. Depending on the part quality 

and expected microstructure, process inputs were further narrowed down to build the final test 

geometry which is that of a real part to test the applicability and limitations of the concepts 
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developed from single beads and multi-layer pads. Thus, these experiments were performed in 

succession to systematically develop a process knowledge database as shown in Figure 5-4. 

 

Figure 5-4: Progression of test geometries and integration of simulation results. 

Single beads, single layer pads and multi-layer pad experiments were performed on an EOS 

M280 at the Alcoa Technical Center in New Kensington, PA whereas, the component is fabricated 

on EOS M290 machine at Carnegie Mellon University. The feedstock powder used for the 

experiments is spherical, gas atomized powder produced in an inert Argon gas. This is the standard 

powder supplied by the EOS machine manufacturer. The build chamber was ventilated with Argon 

during the experiments. Details of the test layouts and parameters are discussed in detail in the 

following sections. 

5.2.3.1 Single Beads 

The goal of the experiments is to characterize the process throughout the available process space. 

These experiments are used to analyze the melt pool geometry and primary solidification 
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microstructure that is controlled by cooling rates at solidification. Process parameters are outlined 

in Table 5-2 and illustrated in Figure 5-5.  

Table 5-2: Process Parameters Used in Experiments. 

Parameter Range 
Beam power (W) 100 – 370 (see Figure 5-5) 
Beam travel velocity (mm/s) 200 – 1400 (see Figure 5-5) 
Preheat temperature (K) 308 
Focus diameter (µm) 100 [114] 

 

Figure 5-5: Experiment matrix in the Power-Velocity space at which single bead, single 

layer pad and multi-layer pad tests were performed. 

No added powder single bead experiments were run on plates that are made of the material 

of interest. Usually plates are manufactured by rolling and AlSi10Mg is a typical casting alloy 

which made it difficult to obtain a plate that can be used. As an alternative, 2 mm tall AlSi10Mg 

blocks were built on an Al5083 plate using standard EOS parameters outlined in Table 5-3. These 
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blocks act as AlSi10Mg substrate on which single beads can be deposited. To avoid depositing on 

a rougher surface which makes it difficult to identify the melt track precisely, the top surface of 

the blocks was surfaced using a mill before depositing the single beads at different power and 

velocity combinations. Figure 5-6 shows the layout of the experiments along with an example 

image of the alternate set up to create AlSi10Mg substrate for single bead experiments.  

Table 5-3: Nominal Parameters for AlSi10Mg on EOS M280. 

Parameter Value 
Beam power (W) 370 
Beam travel velocity (mm/s) 1300 
Preheat temperature (K) 308 
Focus diameter (µm) 100 [114] 
Layer thickness (µm) 30 
Hatch spacing (µm) 190 
Scan rotation  67° 
Sky writing On 

 

Figure 5-6: Experiment layout for single bead tests; Example single bead experiment where 

beads are deposited on a laser deposited AlSi10Mg block. 
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5.2.3.2 Single Layer Pads 

Based on the analysis of the single bead tests, single layer pad tests were done for the same 24 PV 

combinations that were used for single bead tests as shown in Figure 5-5. In these tests, the hatch 

spacing is adjusted such that the overlap between the adjacent melt pool tracks for different process 

parameters is consistent with the overlap for nominal process parameters which is 7%. The 

adjusted hatch spacing values and resulting overlap are illustrated in Figure 5-7. Different colored 

pads in this layout correspond to different power levels used in the experiment. On the EOS 

machine, hatch spacings can only be entered as multiples of 10 and hence some of the hatch 

spacing values have to be rounded off to the nearest multiple of 10. This resulted in some pads 

having the same hatch spacing value which is evident from Figure 5-7. The overlap shown in 

Figure 5-8 (left) refers to the overlap between the adjacent melt tracks which is calculated using 

the equation shown in the figure (right).  

 

Figure 5-7: Pad experiment layout, the adjusted hatch spacings noted in the figure were chosen to 

produce pads with the nominal 7% overlap. 
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Figure 5-8: (Left) Illustration of the overlap between the adjacent melt tracks and (Right) 

Equation to measure the overlap between adjacent melt tracks for a given melt pool width 

and hatch spacing. 

  These experiments are especially useful to study the variability in melt pool dimensions 

such as melt pool width and depth which is critical to avoid porosity in the fabricated components 

using the geometric model for porosity [65]. These experiments also provide useful information 

on whether there is heat buildup that affects the melt pool geometry and microstructure when 

depositing the melt tracks side by side. An example single layer pad along with the cross-section 

is shown in Figure 5-4.  

5.2.3.3 Multi-Layer Pads (Solid Blocks) 

Similar to single layer pad tests, multi-layer pad tests or solid blocks were built for 24 PV 

combinations that were used for single bead tests as shown in Figure 5-5. In these tests, the hatch 

spacing is adjusted such that the overlap between the adjacent melt pool tracks for different process 

parameters is consistent with the overlap for nominal process parameters. Apart from beam power, 

velocity and hatch spacing, all other process parameters are maintained at nominal values provided 

in Table 5-3. An example cross-sectioned multi-layer pad is shown in Figure 5-4. These 

experiments are useful to study the process defects and solidification microstructure in bulk 

components.  
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5.2.3.4 Component (US Thirteen Star “Betsy Ross” Flag) 

The main goal of the present work is to achieve good quality parts along with controlling the 

solidification conditions in different locations of the component resulting in different solidification 

microstructures. Utilizing knowledge from the prior experiments, a US Thirteen Star “Betsy Ross” 

flag shown in Figure 5-9 was fabricated with different processing conditions in different 

components of the flag. In order to avoid any defects due to lack of overlap between different 

components that were built with different parameters, the entire flag was built with smaller size 

melt pools and then the larger size melt pools were deposited selectively in the regions where 

coarser microstructure is desired. Details of the process parameters are outlined in Table 5-4. 

 

Figure 5-9: Experiment layout for the Flag. 

Table 5-4: Experiment parameters used for fabrication of the Flag. 

Location  Power  
(W) 

Velocity  
(mm/s) 

Hatch 

Spacing  
(µm) 

Layer 

Thickness 
(µm) 

Estimated Coarse to 

Fine Cell Spacing 

Ratio 

Stars 300 1400 60 20 1 

White Stripes 300 1400 60 20 1 

Red Stripes 370 1000 140 20 1.33 



87 

 

Blue 

Background for 

Stars  
370 1000 140 20 1.33 

 

5.2.4 Sample Preparation and Characterization 

Black dashed lines across the plate in Figure 5-6 are the locations where melt tracks are sectioned 

to observe the cross-sections of the single bead, single layer pad and multi-layer pad experiments. 

Sectioning is done using a wire-cut Electrical Discharge Machine (EDM) at the Alcoa Technical 

Center. An example of the sectioned sample is shown in Figure 5-6. For the component, in order 

to retain the entire flag, sectioning was not done. Instead the sample is mounted such that after 

polishing, the top view of flag can be imaged. All samples were mounted in Konductomet™ 

mounting compound via compression mounting. 

Single beads and single layer pads are polished using the Struer’s auto-polisher. The 

polishing procedure is outlined in Appendix A. Multi-layer pads and component are polished using 

Buehler’s auto-polisher following the standard procedure laid out by Buehler as shown in 

Appendix A. Once the samples are polished, they are etched using Barker’s reagent for 60 seconds. 

Barker’s reagent consists of 2% aqueous flouoroboric acid (HBF4) [38]. Deionized water is used 

to prepare the aqueous solution.  

A Zeiss AX10 optical microscope was used to image the top surface of the single beads 

before sectioning the samples. These images are taken at the middle section of the tracks so that 

there are no turn around or edge effects and the melt pool has reached a steady state. An Example 

image of the top surface of the no added material single bead is shown in Figure 5-10. The red 

lines at the border of the melt track were manually added using GIMP software as a new layer in 

the image. After that, the layer was filled with black color and the distance between the red lines 
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was measured automatically using an image processing script to calculate the melt pool width 

along the melt track [70].  

 

Figure 5-10: An optical microscope image of the surface of an AlSi10Mg melt pool track 

with the edges manually highlighted in red. The melt pool width (distance between the red 

lines) was measured at every pixel along the length of this image, the results of which were 

then averaged together. This single bead track was melted using a beam power or 370 W 

and a velocity of 1400 mm/s. 

Polished samples were imaged using an Alicona InfiniteFocus optical microscope. Figure 

5-11 shows example micrographs of the single bead, single layer pad and multi-layer pad samples 

with melt pools identified along with melt pool geometry characteristics that are of interest. Melt 

pool geometry was measured using ImageJ software.  

 

Figure 5-11: Example images of the melt pool cross-sections for single bead  single layer 

pad  multi-layer pad tests. 

A Quanta 600 Scanning Electron Microscope (SEM) was used for obtaining micrographs 

in secondary electron imaging mode since it captures the contrast from surface topography 

resulting from etching. For cell spacing measurements in single beads and multi-layer pads, the 

line intercept method [106] is used. However, to improve the efficiency and reduce the human bias 
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when measuring the flag component, ImageJ and Matlab routines were used to measure cell sizes 

by utilizing image processing and particle analysis methods. For the component, Figure 5-12 

shows the sequence of the steps used in the cell-size analysis with example micrographs. A 

technique which involves dilation of the image followed by erosion was used to close the gaps 

between cells that were not connected due to non-uniform or insufficient etching at few locations. 

After the edges are closed, particle analysis in ImageJ was used to analyze the cells. Quantities of 

interest from particle analysis are Equivalent Projected Circle Diameter (EQPC), maximum caliper 

diameter (Feret Diameter) and minimum caliper diameter (Min Feret). This technique not only 

provides the average measurement values, but also provides information on cell size distributions.  

 

Figure 5-12: Sequence of steps used in cell size measurement in the Flag component. 

It is important to note that these routines could not be used on single beads and multi-layer 

pads because cell shape deviated from circular or close to circular shape in some images depending 

on the growth direction. This variation in cell shape is due to the fact that cross section of the bead 

or pad is imaged as opposed to the above view image from the component. This change in cell 

shape led to threshold values varying widely between different images, which in turn prevented 

automatic extraction of measurement values. 
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5.3 Results  

5.3.1 Process Mapping of Melt Pool Geometry  

Process maps are developed for melt pool width, depth and area using the information from 

experiments and simulations. Comparison between the maps resulting from experiments and 

simulations is also provided in this section providing insights on the thermal model used in this 

work.  

5.3.1.1 Simulations  

Figure 5-13 to Figure 5-15 show the process maps for maximum melt pool area, width and depth 

estimated from the simulations respectively. It can be observed that there are power-velocity 

combinations in the machine process variable space that yield constant melt pool dimensions. Most 

of the machine manufacturers suggest a standard parameter set to be used for fabrication for every 

material the manufacturer supports. However, not all components require the same properties. 

These parameters need to be changed based on the application of the component and it is important 

to understand the process input and output relationships to optimize the parameters for the quantity 

of interest [112]. Thus, process maps can be used to extend the process limits and utilize the full 

potential of the process to optimize the quantity of interest during the build.  
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Figure 5-13: Process map of melt pool area for AlSi10Mg. Area remains constant along 

each line in the map. 

 
Figure 5-14: Process map of melt pool width for AlSi10Mg. Width remains constant along 

each line in the map. 
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Figure 5-15: Process map of melt pool depth for AlSi10Mg. Depth remains constant along 

each line in the map. 

5.3.1.2 Experiments  

First, measurement for melt pool width is discussed for single beads and single layer pads. In single 

beads, width is measured both at the surface and at the cross-section. In single-layer pads, cross-

section widths across the pad are measured to study the variability of melt pool width for a single 

layer deposition.  The number of melt pools available for measurement in a single layer pad 

depends on the size of the melt pool. Pads with smaller melt pools consist of more melt pools 

compared to pads with larger melt pools. However, it was ensured that at least 20 melt pools were 

measured to capture the variability to a statistically significant extent. The melt pool width 

measurements described above are outlined in Table 5-5.  
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Table 5-5: Summary of melt pool widths from single beads and single layer pad 

experiments. 

Sample 

Designation  
Beam 

Power 

(W) 

Travel 

Velocity 

(mm/s) 

Average Width 

at the Surface 
± 2σ (µm) 

Average Cross-

sectional Width 

(Single Layer Pad) 
(µm) ± 2σ 

Single Bead 

Cross Section 

Width 
(µm) 

1 100 200 79 ± 4  69 ± 6 67 
2 200 200 156 ± 8 183 ± 122 143 
3 100 400 75 ± 6 64 ± 8 64 
4 200 400 135 ± 4 140 ± 24 126 
5 300 400 350 ± 16 351 ± 40 334 
6 370 400 410 ± 18 395 ± 36 377 
7 100 600 72 ± 2 64 ± 4 63 
8 200 600 126 ± 4 131 ± 8 119 
9 300 600 295 ± 14 305 ± 26 284 
10 370 600 338 ± 16 345 ± 28 326 
11 100 800 71 ± 6 64 ±8 70 
12 200 800 114 ± 6 111± 14 110 
13 300 800 261 ± 6 264 ± 18 256 
14 370 800 291 ± 14 308 ± 20 288 
15 100 1000 71 ± 10 59 ± 6 65 
16 200 1000 105 ± 4 109 ± 10 106 
17 300 1000 186 ± 66 196 ± 64 144 
18 370 1000 239 ± 8 271 ± 28 245 
19 200 1200 98 ± 6 99 ± 6 109 
20 300 1200 156 ± 22 140 ± 40 166 
21 370 1200 222 ± 16 232 ± 26 220 
22 200 1400 95 ± 4 94 ± 10 97 
23 300 1400 126 ± 14 120 ± 14 112 
24 370 1400 158 ± 14 180 ± 32 161 

  

 It can be observed that the shaded rows are examples of melt tracks that have comparatively 

high variability. These cases are discussed in detail below with melt pool images. In Table 5-5, σ 

refers to the standard deviation. For Sample 2, though the surface width measurement from the 

single bead has a smaller amount of variability, the melt pools in the single layer pad are highly 

variable. The reason for this behavior is not known. Since, for the single beads, the variability is 
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minimal, this sample is treated as an outlier resulting from the laser malfunctioning or manual 

error while assigning process parameters on the machine. Hence, measurements from the single 

layer pad for Sample 2 were not considered in developing the process maps. Figure 5-16shows the 

melt pools from single beads and the single layer pads from Sample 2. For Sample 17, the 

variability is higher and on the same order of magnitude for both single beads and single layer 

pads. An example melt pool for this case is shown in Figure 5-17. Similarly, for Sample 20, the 

variability in melt pool width found in the single layer pad is higher than the variability measured 

from surface widths. However, the variability is still on the same order of magnitude. Figure 5-18 

illustrates the example melt pool for Sample 20. Samples 17 and 20 were melted at a higher 

velocity range of 1000 mm/s. Hence, for these samples, variability could be resulting from the 

higher travel velocity of the laser. From Table 5-5, it can be inferred that the general trend is higher 

velocities result in higher melt pool variability. Previous works have shown that bead-up of the 

melt pool due to surface tension effects [118,119] results in irregular melt tracks for lower width 

to length melt pools. However, melt pool cross section images of these samples did not show any 

bead up. Thus, the reason for this melt pool variability is not clear. Nevertheless, it is important to 

consider this variability to control the lack of fusion porosity [65][120].   

 

Figure 5-16: (Left) Image of the melt pool track at the surface, (Right) Image of the cross-

section of the melt track from single layer pad tests. Tracks in both the images are melted 

using a beam power of 200 W and a velocity of 200 mm/s. 
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Figure 5-17: (Left) Image of the melt pool track at the surface, (Right) Image of the cross-

section of the melt track from single layer pad tests. Tracks in both the images are melted 

using a beam power of 300 W and a velocity of 1000 mm/s. 

 

Figure 5-18: (Left) Image of the melt pool track at the surface, (Right) Image of the cross-

section of the melt track from single layer pad tests. Tracks in both the images are melted 

using a beam power of 300 W and a velocity of 1200 mm/s. 

Surface width measurements provide insight into melt pool variability. Process maps are 

developed for surface width and cross-section width of the melt pools from the experiments as 

shown in Figure 5-19. Dashed lines represent the maximum and minimum possible width (95% 

bounds) for the process parameter combinations. In other words, they represent the variability in 

the melt pool width. Process maps show that the variation is more pronounced at higher beam 

travel velocities. At low velocities, there is agreement between the average width and the cross-

section width while this is not necessarily the case in the higher velocity region. However, the 

cross-section measurement is always within the window prescribed by the surface widths. This 

can be explained based on the fact that we are looking at one cross-section of the melt pool along 

the melt track. Hence, a single cross-section measurement does not provide sufficient information 

to ensure overlap between the melt pools, especially at higher velocities. It is worth noting that the 

lower bounds of the width values are the critical values when operating in the higher velocity space 

if the user wishes to guarantee an acceptable overlap between adjacent melt tracks and mitigate 

lack-of-fusion porosity.  
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Figure 5-19: Process map for constant melt pool widths at the surface and the cross section 

for single melt tracks. Dashed lines depict the variation in the melt pool widths. 

Surface width measurements provide information about the variability along the melt track. 

However, variability can be expected across the layer too which can be obtained from the single 

layer pad measurements at a cross section. Figure 5-20 shows the comparison between the melt 

pool width measurements at the surface and across the single layer pad. Dashed and solid lines 

represent the maximum and minimum possible width (95% bounds) for surface measurements 

from single beads and cross section measurements from single layer pads respectively. It can be 

observed that variability is almost the same in both the cases and the average measurements agree 

well. This means, studying the surface width from the single beads is sufficient to understand the 

variability in melt pool width. 
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Figure 5-20: Process map for constant melt pool widths at the surface and the cross section 

for single layer pads. Dashed lines and solid lines around the data markers depict the 

variation in the melt pool widths.  

The discussion on melt pool widths leads into the discussion on melt pool depths. Similar to 

variability in width, understanding the variability in depth is critical to ensure complete melting of 

powder and sufficient overlap between successive layers. This was studied by developing process 

maps for melt pool depth using the cross section depth measurements outlined in Table 5-6 for 

single beads and single layer pads. From the depth process map in Figure 5-21, it can be observed 

that variability in depth also follow similar trends to variability in width where variability is 

comparatively higher at higher velocities. At other regions in the process space, melt pool depth 

measurements from single beads are in agreement with the average melt pool depth from single 

layer pads. From the results on melt pool width and depth, it can be concluded that at higher 
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velocities it is especially useful to know the minimum depth and width in order to adjust the hatch 

spacing and layer thickness to ensure proper overlap between adjacent tracks and for complete 

melting of the powder layer. 

Table 5-6: Summary of melt pool depths from cross sections of single beads and single 

layer pad experiments. 

Sample 

Designation  
Power 

(W) 
Velocity 

(mm/s) 
Depth (Single Layer Pad 

C/S) ± 2σ (µm) 
Std. 

Dev 
(µm) 

Depth Single 

Bead (C/S)  
(µm) 

1 100 200 18 ± 4 2 20 
2 200 200 90 ± 102 51 58 
3 100 400 16 ± 2 1 17 
4 200 400 53 ± 20 10 53 
5 300 400 297 ± 22 11 329 
6 370 400 414 ± 36 18 460 
7 100 600 15 ± 2 1 17 
8 200 600 47 ± 4 2 46 
9 300 600 228 ± 22 11 225 
10 370 600 282 ± 38 19 344 
11 100 800 14 ± 4 2 16 
12 200 800 40 ± 8 4 40 
13 300 800 168 ± 36 18 179 
14 370 800 238 ± 28 14 232 
15 100 1000 13 ± 4 2 12 
16 200 1000 38 ± 4 2 40 
17 300 1000 111 ± 72 36 66 
18 370 1000 175 ± 20 10 158 
19 200 1200 35 ± 4 2 35 
20 300 1200 64 ± 28 14 97 
21 370 1200 137 ± 16 8 142 
22 200 1400 31 ± 6 3 31 
23 300 1400 49 ± 8 4 49 
24 370 1400 87 ± 22 11 87 
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Figure 5-21: Process map for constant melt pool depths for single beads and single layer 

pads. Dashed lines around the data markers depict the variation in the melt pool depth. 

Melt pool area process maps are developed to study the effect of process variables on melt 

pool cross-section area. Figure 5-22 illustrates the process map for melt pool area developed for 

data outlined in Table 5-7. Sample 17 shaded in grey in the table has more variability when 

compared to other samples and it is not considered for the melt pool area analysis. Within the 

available information from single bead cross-section, it can be observed that lines of constant melt 

pool area follow linear trend below 1000 mm/s. Since, the melt pools are variable at higher 

velocities, the reported area of such melt pools depends on the location where the track is sectioned 

to observe the cross section and trends in that region for melt pool area cannot be determined from 

the available information.  
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Figure 5-22: Process map for melt pool area developed from cross section data of single 

bead experiments. 

Table 5-7: Summary of melt pool areas from cross sections of single bead experiments. 

Sample 

Designation  
Power 

(W) 
Velocity 

(mm/s) 
Area  

(mm²) 

1 100 200 9.4E-04 
2 200 200 6.4E-03 
3 100 400 7.9E-04 
4 200 400 4.9E-03 
5 300 400 7.4E-02 
6 370 400 1.1E-01 
7 100 600 7.5E-04 
8 200 600 4.1E-03 
9 300 600 4.5E-02 
10 370 600 6.7E-02 
11 100 800 7.4E-04 
12 200 800 3.4E-03 
13 300 800 3.0E-02 
14 370 800 4.5E-02 
15 100 1000 5.5E-04 
16 200 1000 3.2E-03 
17 300 1000 7.0E-03 
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18 370 1000 2.5E-02 
19 200 1200 2.9E-03 
20 300 1200 1.1E-02 
21 370 1200 2.2E-02 
22 200 1400 2.1E-03 
23 300 1400 4.0E-03 
24 370 1400 9.2E-03 

 

5.3.2 Establishing the Process Window from Single Bead Experiment Results 

Part porosity is a concern in additively manufactured parts since it affects the fatigue life of the 

components [94]. Previous work has shown that both process parameters and powder 

characteristics can influence the part porosity [103][121]. In this work, the process window for 

AlSi10Mg is defined as the region in process space that produces final parts with limited porosity 

due to lack of fusion and keyholing. Lack of fusion pores are formed at power-velocity 

combinations where the melt pool does not fully melt through the powder layer and/or there is 

insufficient overlap between the adjacent melt tracks. The layer thickness must be changed to 

eliminate lack of fusion porosity between successive layers while the overlap between the adjacent 

melt tracks can be controlled by varying the hatch spacing.  

In this work, using the cross-section data from the single bead experiments, the lack of 

fusion region was identified by the melt pools which have a depth less than the nominal powder 

layer thickness for AlSi10Mg in the EOS process (30 microns, see Table 5-3). Keyhole porosity 

is formed under very high energy density conditions, where the material in the melt pool vaporizes. 

Before molten material from above can flow down and fill the void formed from evaporation, the 

melt pool solidifies resulting in permanent pores characteristically located at the bottom of the 

melt pool [107]. The keyholing region was identified based on the melt pool width to depth ratio. 

The cases with a melt pool depth to half-width ratio greater than 1 (indicating a non-semi-circular 
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geometry) were treated as keyholing melt pools [102]. The procedure for mapping the process 

window with the above-mentioned criteria is shown in Figure 5-23. This procedure utilizes the 

melt pool cross-section information from single layer pads experiments. Figure 5-24 shows 

approximation of the process window based on the information illustrated in Figure 5-23. It should 

also be noted that the EOS nominal parameters are on the border of keyholing regime based on the 

information available from these experiments. 

 

Figure 5-23: Procedure for mapping the process window utilizing information from single 

bead experiments.  
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.  

Figure 5-24: Process window for AlSi10Mg depicting the lack of fusion and keyholing 

regimes for the parameters covered in this research. 

5.3.3 Part Quality from Multi-Layer Pads (Solid Blocks) 

Multi-layer pads built in this work were used to qualitatively understand final part quality and 

stress the importance of controlling process parameters such as layer thickness, and hatch spacing 

for a fixed power and velocity to improve part quality. In these experiments, hatch spacing was 

adjusted to maintain the overlap percentage between adjacent tracks equivalent to the nominal 

EOS overlap similar to the single layer pad tests. However, the layer thickness could not be reduced 

below 20 µm due to the practical constraints resulting from powder size governing the minimum 

layer thickness choice.  

Figure 5-25 illustrates the defects due to under-melting and keyholing porosity for the 

samples which were built using the parameters that lie outside of the process window shown in 

Figure 5-24. It is important to note that the under-melting porosity observed in the low power and 

low velocity sample can be mitigated by decreasing the layer thickness according to melt pool 

depth. Similarly, keyholing porosity can be eliminated at the higher energy density region of 
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process space by increasing the beam spot size [102]. From Figure 5-25, it can also be observed 

that that the extent of keyholing increases with an increase in depth to half-width ratio. In this 

work, only qualitative results are presented since the main focus is on minimizing the defects by 

controlling the process parameters systematically. However, this porosity can be quantitatively 

mapped by measuring the percentage of pores from different samples in the keyholing region. 

 

Figure 5-25: Illustration of lack of fusion and keyholing process defects in the multi-layer 

pads and the improvement in part quality as we approach the process window highlighted 

in Figure 5-24. 

5.3.4 Comparison between Simulations and Experiments for Single Beads  

As noted in §5.2.2, there are certain phenomena like convection to the surroundings, radiation, 

Marangoni flows within the melt pool, and keyhole-mode melting which are not included in the 

model used in this work. Power which is applied in the simulations is entirely absorbed by the 

materials, whereas not all the power that is delivered by the laser is absorbed by the material in 

experiments. Thus, a comparison between the beam input power used in experiments and absorbed 

power from simulations results in a factor that can be treated as the absorptivity of the material. 

Since, the model is not a thorough representation of the experiment set up, absorptivity is referred 

to as effective absorptivity in this work.  
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The effective absorptivity is estimated for all the melt pool geometry characteristics e.g. 

width, depth and area. Among available experiments, average width from the surface is considered 

for the melt pool width and average depth from the single layer pads is considered for the melt 

pool depth. The variation of absorptivity measured for different melt pool characteristics with 

depth to half-width ratio is presented in Figure 5-26. The data shows that with increase in depth to 

half-width ratio, absorptivity increases. Increase in depth to half-width ratio indicated the 

occurrence of keyholing. During keyholing, due to vaporization of material, a vapor cavity is 

formed which increases the absorption of the beam. This is different from conduction mode 

melting [104,107]. This resulted in unrealistic values for absorptivity such as >100% in case of 

melt pool depth and area when compared with simulations in this work which model conduction 

based heat transfer.   

Using the available information, the effective absorptivity of the material is estimated in 

the non-keyholing regions as shown in Figure 5-27. Effective absorptivity is almost constant 

except for one data point which is at 300 W, 1200 mm/s. This can be explained by the fact that 

this region is close to the key holing regime as discussed above.  Thus, this value is not used in 

estimating the average effective absorptivity value. A summary of the effective absorptivity value 

estimated from this work is detailed in Table 5-8. Width values between 100 – 150 µm, depth 

values between 30 – 60 µm and area values between 3x10⁻³ and 5x10⁻³ mm² were considered for 

this analysis.  

Table 5-8: Estimated values for absorptivity estimated from melt pool dimensions in the 

non-keyholing regime of the process space. 

Melt Pool Geometry Considered Area Width Depth 
Average Effective Absorptivity (%) 18 19 21 

Standard Deviation (%) 1 2 1 
 



106 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5-26: Illustration of the increase in absorptivity estimated from melt pool 

dimensions: (a) width, (b) depth and (c) area with increase in melt pool cross section aspect 

ratio. 
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(a) 

 
(b) 

 
(c) 

Figure 5-27: Illustration of the variation in absorptivity estimated from melt pool 

dimensions: (a) width, (b) depth and (c) area with melt pool cross section aspect ratio in 

non-keyholing region. 
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5.3.5 Process Mapping of Solidification Microstructure 

This section focuses on controlling the microstructure formed at solidification via process 

parameter control and demonstrates integrated melt pool geometry and microstructure control in 

laser melted AlSi10Mg. First, insights from simulations are discussed followed by results from 

experiments. 

5.3.5.1 Process Mapping of Cooling Rates from Simulations  

Cooling rates extracted from the tail end of the melt pool are plotted in the power-velocity space 

using the process mapping approach. In Figure 5-28, it is important to note that lines of constant 

cooling rate in the P-V space follow the same trends as lines of constant melt pool geometry. 

Specifically, with an increase in melt pool area, cooling rate decreases and vice-versa. This can be 

explained by the fact that a bigger melt pool (resulting from higher energy density) will take more 

time for the energy to dissipate thus resulting in a decrease in the cooling rate. The relationship 

between melt pool area and cooling rate is illustrated in Figure 5-29.  

 
Figure 5-28: Plot illustrating similar trends in process maps for cooling rate and melt pool 

area. 
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Figure 5-29: Variation of cooling rate with melt pool area estimated from simulations. Data 

shows that cooling rate is inversely proportional to the area. 

5.3.5.2 Experiments  

Cellular solidification is prevalent in AlSi10Mg due to the very high thermal gradients owing to 

the high thermal conductivity of AlSi10Mg. Similar microstructure is reported in previous works 

by other researchers [38,41,94,122,123]. AlSi10Mg is a hypo-eutectic alloy which leads to the 

formation of α-Al cells at the beginning of the solidification and Si segregates at the cell 

boundaries. Silicon at the cell boundaries was confirmed by  Aboulkhair et al. [96] through the use 

of an energy dispersive x-ray detector (EDX). An example cellular microstructure with various 

phases identified is shown in Figure 5-30. 
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Figure 5-30: Example SEM micrograph illustrating the phases in cellular solidification 

structure of AlSi10Mg. 

Single Beads 

Previous work [41] has shown that in single beads, cell spacing varies with cooling rate  as per a 

power relationship with an exponent of -1/3. From Figure 5-29, it can be observed that cooling 

rate is inversely proportional to area which means cell spacing should be proportional to melt pool 

area as per power relationship with a factor of 1/3. This is in agreement with the experiment results 

from single beads demonstrated in Figure 5-31. The error bars represent a 95% confidence interval 

(CI) about the average cell spacing. Details of the cell spacing measurements used in this plot are 

provided in Table 5-9. This shows that integrated melt pool geometry and microstructure control 

concepts are applicable for laser melted AlSi10Mg. 

Table 5-9: Summary of cell spacing measurements from cross sections of single bead 

experiments. 

Sample 

Designation 
Power 

(W) 
Velocity 

(mm/s) 
Average Cell 

Spacing 

(µm) 
Standard Deviation 

(µm) 
Standard Error 

(µm) 

8 200 1400 0.20 0.03 0.01 
20 370 1400 0.26 0.04 0.01 
13 300 800 0.38 0.06 0.01 
21 370 400 0.57 0.10 0.02 
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Figure 5-31: Plot showing the relationship between cell spacing and melt pool area. Error 

bars are 95% CI about the average cell spacing estimate. 

Melt pool width is a melt pool characteristic which can be observed during in-situ 

monitoring via high-speed thermal or visible-light imaging. Cell spacing can be related to melt 

pool width via the relationship between melt pool widths and melt pool areas shown in Figure 

5-32. It is interesting to note that area is proportional to width³ instead of width² for semi-circular 

melt pools. The reason for this the shape of the melt pool for all the single beads measured in this 

work. This relationship can be used to link cell spacing to melt pool width as shown in Figure 5-33 

and demonstrated in Equation 5.2.   
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Figure 5-32: Plot showing the variation of melt pool area with melt pool width from single 

bead experiment cross sections. 

𝐶𝑒𝑙𝑙 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 ∝ 𝑊𝑖𝑑𝑡ℎ     (5.2) 

 
Figure 5-33: Plot showing the linear dependence of cell spacing on melt pool width. Error 

bars represent a 95% CI about the average cell spacing. 
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Cell spacing varies linearly with melt pool width according to the data available in the 

current work. This result implies that by maintaining a constant melt pool width, cell spacing can 

be held constant. Figure 5-34 shows the comparison of all 4 cell spacing measurements resulting 

from different cooling rates in the process space.  

 

Figure 5-34: Plot showing the variation of cell spacing in power-velocity space for single 

bead experiments. 

Multi-layer pads  

For a fixed preheat temperature and beam spot size, single bead results have shown that by 

maintaining a constant melt pool size, cell spacing will remain constant. This result provides the 

ability to control the cell spacing in a component based on the mechanical properties required for 

the application. However, it is important to check if the cell spacing remains constant with constant 

melt pool size in solid parts too. Similar to the approach used in Ti64 electron beam melting 
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process, cell spacing control in solid parts was explored before building a component with 

location-specific control of cell spacing discussed in §5.3.6. Figure 5-35 and Figure 5-36 illustrate 

the variation of cell spacing with melt pool area and melt pool width at the surface for the multi-

layer pads. The error bars represent a 95% confidence interval (CI) about the average cell spacing. 

The data used in the plots is detailed in Table 5-10. These samples are chosen such that they lie 

within the no keyholing and lack of fusion window. This resulted in samples with very low 

variation in cell spacing since cooling rate does not vary by more than a factor of 2 within the good 

region identified in the processing space in Figure 5-24. Though, the power law exponent is 

different when compared to single beads, there is still a variation in cell spacing with melt pool 

area.  

 
Figure 5-35: Plot showing the variation of cell spacing with melt pool area for multi-layer 

pad experiments. Error bars represent a 95% CI about the average cell spacing. 
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Figure 5-36: Plot showing the variation of cell spacing with melt pool width for multi-layer 

pad experiments. Error bars represent a 95% CI about the average cell spacing. 

Table 5-10: Summary of cell spacing measurements from multi-layer pad experiments. 

Sample 

Designation 
Power  

(W) 
Velocity 

(mm/s) 
Average 

Cell Spacing 

(µm) 
Standard Deviation 

(µm) 
Standard Error 

(µm) 

15 300 800 0.49 0.15 0.01 
24 370 1400 0.44 0.07 0.01 
18 300 1400 0.35 0.08 0.01 
22 370 1000 0.47 0.13 0.02 

  

It is also interesting to note that for similar power-velocity conditions, the cell spacing 

value increased from single beads to multi-layer pads. It is likely due to coarsening of the 

microstructure. According to Dantzing et al. [29] “ The phenomena, where the length scale of 

microstructure increases over time, is called coarsening”. This might have happened due to the 

heating to near melting temperature from melting adjacent melt tracks or melt tracks in the next 

layer. The details of this comparison are shown in Table 5-11. It is important to note that the power 

law relationship derived for single beads does not hold true for bulk builds. Thus, results from the 
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bulk blocks are used in designing the cell spacing control in the flag component discussed in the 

following section.  

Table 5-11: Comparison of cell spacing measurements from single beads and single layer 

pads.  

Power 
(W) 

Velocity 

(mm/s) 
Average Cell Spacing 

from Single Beads 

(µm) 

Average Cell Spacing 

from Multi-Layer 

Pads 
(µm) 

Ratio of Cell Spacing 

Between Pads and Single 

Beads 

370 1400 0.26 0.44 1.7 
300 800 0.38 0.49 1.3 

 

5.3.6 Location-Specific Solidification Microstructure Control in AlSi10Mg 

Micrographs from different regions of the flag are analyzed for cell spacing. A summary of the 

measurements is provided in Table 5-12. Also, Figure 5-37 provides the illustration of the change 

in cell spacing with respect to the targeted change.  It is important to note that the target ratio of 

cell spacing variation in this experiment is 1.33 instead of a higher variation like 3 or 4 

demonstrated for Ti64 in Chapter 3. This is due to the limitation offered by the machine with 

respect to the minimum layer thickness that can be used and lack of the equipment to control the 

beam spot size to avoid keyholing porosity. Thus, it was required to remain within the process 

window identified in §5.3.2. From the process maps for cooling rate in Figure 5-28, it can observed 

that the variation of cooling rate within the process window is not sufficient to result in a wide 

range of cell spacings.  Irrespective of the range over which cell spacing is varied, there is 

agreement between the measured ratio and the target ratio. Measured ratio of cell spacing variation 

are detailed in Table 5-13. For all the measurement metrics, the measured ratio is on the order of 

1.30 – 1.40 when compared to the target ratio of 1.33. Thus, this study demonstrates that location-

specific control of cooling rates is possible for AlSi10Mg in the laser melting process.   
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Table 5-12: Summary of cell spacing measurements from the Flag. 
Measurement 

Metric 
EQPC Feret Diameter Min Feret 

Location 

Designation 

Average 

(µm) 

Standard 

Deviation 

(µm) 

Standard 

Error 

(µm) 

Average 

(µm) 

Standard 

Deviation 

(µm) 

Standard 

Error 

(µm) 

Average 

(µm) 

Standard 

Deviation 

(µm) 

Standard 

Error 

(µm) 

Stars 0.41 0.27 0.01 0.63 0.49 0.02 0.37 0.29 0.01 

White Stripes 0.38 0.27 0.01 0.58 0.51 0.02 0.35 0.29 0.01 

Red Stripes 0.56 0.19 0.01 0.79 0.35 0.01 0.51 0.20 0.01 

Blue 

Background 

for Stars 

0.57 0.23 0.02 0.84 0.43 0.03 0.50 0.24 0.02 

 

 

Figure 5-37: Figure demonstrating the control of cell spacing in different locations of the 

Flag component. 

Table 5-13: Comparison of cell spacing measurement in different locations of the Flag. 

Ratio 
Measurement Metric EQPC Feret Diameter Min Feret 

Stars 1.00 1.00 1.00 
White Stripes 0.92 0.93 0.93 
Red Stripes 1.37 1.26 1.35 

Blue Background for Stars 1.39 1.34 1.35 
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Cumulative probability distributions for cell size measurements from different locations of 

the flag are illustrated in Figure 5-38 – Figure 5-40. It is interesting to note that all the probability 

curves overlap in the higher cell spacing region whereas, there is a clear distinction in the finer 

and coarser region measurements in the lower cell spacing region of the plot. The probability of 

finding a smaller cell in stars and white stripes is almost twice the probability of finding a smaller 

cell in the background and red stripes. This is the main reason that results in a shift in the average 

measured values for these different locations. One more interesting observation from the plots is, 

for the coarser regions there is a distinct curvature at the lower cell spacing values which indicates 

a deviation from a log normal distribution. There is also noticeable deviation from log normal 

distribution for finer regions at the tail regions. 

 
Figure 5-38: Probability plot (cumulative) of EQPC estimate for cell size in the fine and 

coarse regions of the Flag component.  



119 

 

 

Figure 5-39: Probability plot (cumulative) of maximum caliper size (Feret Diameter) for 

cells in the fine and coarse regions of the Flag component. 

 

Figure 5-40: Probability plot (cumulative) of minimum caliper size (Min Feret) for cells in 

the fine and coarse regions of the Flag component. 

5.4 Effect of Changing Cell Spacing on Mechanical Properties 

Cast Al-Si has coarser microstructure with secondary dendrite arm spacing on the order of tens of 

microns and the ultimate tensile strength increases with decrease in the secondary dendrite arm 
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spacing [124]. Kempen et al. [40] compared the cast AlSi10Mg properties to laser melted 

AlSi10Mg and found that the laser melted AlSi10Mg has better or comparable mechanical 

properties. Specifically, the ultimate tensile strength and hardness are higher than the as-cast and 

aged AlSi10Mg. This is attributed to the fine cellular microstructure in laser melted material which 

has spacing on the order of sub microns. This means, the finer the microstructure is, the better are 

the mechanical properties. Thus, with decrease in cell spacing, mechanical properties of laser 

melted AlSi10Mg will improve and hence it is important to understand the control of cell spacing 

via process parameters.   

5.5 Conclusions  

It is critical to understand the behavior of an alloy in an additive manufacturing process in order 

to expand the usable process space for optimizing the part quality and the build rate. This study 

contributes toward the body of process knowledge of the AlSi10Mg alloy in a power bed laser 

melting process, utilizing information from both simulations and experiments. The approach 

developed in this work can be extended to other materials and processes. Different deposit 

geometries such as single beads, single layer pads, and multi-layer pads are successively built and 

methodically analyzed for: (i) identifying the process window for a dense and consistent part, (ii) 

estimating the effective absorptivity of AlSi10Mg in the explored range of the process space by 

comparing experiments with simulations, (iii) demonstrating integrated melt pool geometry and 

microstructure control with a focus on control of cell spacing which affects process outcomes such 

as the hardness of the material.   

Another significant result from this study is that cell spacing scales with effective melt pool 

width in bulk builds which is similar to the result in chapter 5 where prior beta grain size, also 

controlled by the cooling rate at solidification, scaled with melt pool size. This greatly simplifies 
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the strategy for controlling cell spacing to one of controlling melt pool size. These results are 

further used to vary the microstructure methodically in different locations of a single part which 

was successful. In addition, this integrated melt pool dimension and microstructure control strategy 

is demonstrated to be achievable by modifying beam variables that are accessible for any user with 

operational training and unlocked parameter sets on an EOS M290 machine. These concepts 

should be extendible to other laser powder bed fusion equipment too. 

Overall, this knowledge base can be used by a process engineer to optimize the process for 

desired outputs instead of just using the nominal parameters recommended by the machine 

manufacturer.  
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6 Integrated Control of Melt Pool Geometry and Solidification 

Microstructure in Laser Powder Bed Fusion of Inconel 718   

6.1 Overview 

In Chapters 3 and 5 , location-specific control of the prior beta grain width  and the cell spacing  

in a single component made up of Ti64 and AlSi10Mg respectively was achieved by means of 

integrated melt pool geometry and microstructure control. In this chapter, solidification 

microstructure control through melt pool geometry control is investigated in detail for Inconel 718 

(IN718), a nickel super alloy in the laser melting process. First, melt pool geometry control across 

the available selective laser melting process space was studied utilizing both modeling and 

experimental techniques. This was followed by examination of solidification conditions that 

control the microstructure formed at solidification. After that, single bead and multi-layer pad 

experiments were performed and analyzed for melt pool geometry, variability in melt pool 

geometry, defect identification and solidification microstructure.  

This work (i) identified the regions in available processing space that will minimize the 

defects due to under-melting and keyholing (ii) established concepts of integrated melt pool 

geometry and microstructure control in laser melted IN718 with the main focus on control of 

texture. Results from this work aid in effectively opening up process space for optimizing the 

quantities of interest during the build rather than just using the nominal parameters recommended 

by the machine manufacturer.   

6.2 Methods 

The following section discusses the process mapping approach, finite element model and 

experiments that are utilized in this Chapter.   
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6.2.1 Process Mapping Approach 

The process mapping technique developed by Beuth et al. [87] relates identified primary process 

variables: beam power (P), travel speed (V), background temperature, material feed rate or layer 

thickness and local part geometry to main process outcomes like process precision, build rate, 

microstructure, and flaw formation [88]. These identified process outcomes are critical in 

determining the overall part quality. Using this approach, both numerical modeling results and 

experiments can be mapped with minimal data to characterize a process. These maps are especially 

useful in opening up the process space and utilizing the available space to meet application-specific 

requirements [112]. 

6.2.2 Finite Element Model 

Finite element (FE) simulations were run in the ABAQUS [41] environment. This model is based 

on the thermal model developed by Zachary Francis for simulating beam based AM processes 

[125]. In this model, a laser beam carrying a specified power moves along the length of the plate 

in a straight line with a specified travel speed. This simulates the no-added single bead tests where 

no powder is added to the substrate. In this chapter, a 2D model is used instead of a 3D model to 

reduce the computation time. The difference between melt pool area and cooling rates estimated 

from 2D and 3D models is within 10%, which is an acceptable tradeoff for the resulting reduction 

in simulation time.  

In the 2D model, energy delivered by the laser beam is modeled as a concentrated heat flux 

which is applied at each node along the axis of symmetry as shown in Figure 6-1. A 4 node 

axisymmetric element for diffusive heat transfer was used in this model. The model is long enough 

to avoid the effect of free edges on the melt pool. The mesh is biased toward the region of interest 

and a symmetry condition is imposed on the face that is along the mid-plane of the melt pool, 



124 

 

which allows only half of the melt pool to be modeled, thus saving computation time. The model 

limitations are similar to that of the 3D model described in Chapter 4. 

 

Figure 6-1: Application of concentrated heat flux at a node in 2D model. 

The process inputs for the simulations are summarized in Table 6-1. The temperature-

dependent thermo-physical properties for IN718 are available from the literature [115]. In this 

model, the resulting melt pool cross-section is semi-circular, hence melt pool depth is identified at 

the location of maximum depth as shown in Figure 6-2. Melt pool depth is used to estimate the 

melt pool area as per Equation 5.1. This is an example melt pool resulting from a laser beam 

delivering a power of 60 W and travel velocity of 600 mm/s. Along with the melt pool depth, the 

melt pool length and solidification front are also identified in Figure 6-2. These quantities have 

significance in relating solidification microstructure to melt pool geometry [28].  

Table 6-1: Process parameters for simulations. 

Input Parameter Range  
Absorbed power (W) 30 - 200 
Travel velocity (mm/s) 200  - 1400 
Preheat temperature (K) 353 
Melting range (K) 1533 - 1609 
Latent heat (J/Kg) 227000 
Thermal conductivity (W/m K) 8.9 - 29.6 W/m K for T ranging from 298 - 1873 K  

Specific heat (J/kg K) 435 -720 J/kg K for T ranging from 298 - 1873 K  

Density (kg/m³) 8190 - 7160 kg/m³ for T ranging from 298 - 1873 K  
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Figure 6-2: Example transverse melt pool image depicting the quantities of interest. 

𝑚𝑒𝑙𝑡 𝑝𝑜𝑜𝑙 𝑎𝑟𝑒𝑎 = 
𝜋∗𝑑𝑒𝑝𝑡ℎ2

2
    (5.1) 

 The solidification conditions are extracted from the thermal model to study the as-built 

microstructure dependence on process parameters. Cooling rates (�̇�) are estimated using the 

method outlined in §5.2.2. Previous works by Gockel [28] and Tang et al. [41] on two different 

AM processes had shown that cooling rates inside the melt pool remains relatively constant with 

lower cooling rates at the edge of the melt pool. Hence, in the current study, cooling rate values at 

the tail end of the melt pool are considered for the analysis. Along with the size scale of 

microstructure, texture is also studied as part of this work. In order to study the variation in texture 

with change in process parameters, thermal gradient (G) and solidification rate (R) are also 

estimated from the simulations. Gockel [28] had demonstrated that there is a large variation in 

thermal gradient along the depth of the melt pool which leads to inconsistent microstructure in a 

single melt pool. In order to capture the extreme values in the thermal gradient while mapping the 

morphology, the thermal gradients presented in this work are estimated both at the top surface and 

at the bottom of the melt pool using the Equation 5.2 [11]  and Equation 5.3 respectively. In these 

equations, ∆𝑇 is the solidification interval, 𝑣 is the beam travel speed,  ∆𝑥 and ∆𝑧 are the distances 

between the solidus and liquidus isotherms, respectively, as identified in Figure 6-3.  
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𝐺𝑡𝑜𝑝 =  
∆𝑇

∆𝑥
= 𝑣 ∗ �̇�           (5.2) 

𝐺𝑏𝑜𝑡𝑡𝑜𝑚 =  
∆𝑇

∆𝑧
    (5.3) 

 

Figure 6-3: (Left) Illustration of the distance between the solidus and liquidus isotherm at 

the top and (Right) at the bottom of the solidification front. 

6.2.3 Experiments 

Simple single melt track experiments were performed by varying beam power and velocity on an 

IN718 substrate without adding any powder. This was done to find the process window that will 

result in continuous and good quality melt tracks. Process maps to control melt pool geometry 

were developed using these experiments. Knowledge from the single track experiments was used 

to deposit solid blocks. These tests were used to study the part porosity and solidification 

microstructure. 

The single bead and multi-layer pad experiments were performed on an EOS M290 

machine at Carnegie Mellon University. For these experiments, a .5" x 6" x 6" IN718 plate was 

procured from Altemp Alloys [126]. Composition of the start plate is detailed in Table 6-2. The 

feedstock powder used for the multi-layer experiments is spherical, gas atomized powder produced 

in an inert Argon gas. This is the standard powder supplied by the EOS machine manufacture. The 
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composition of the powder used in these experiments is outlined in Table 6-3 based on the material 

analysis information that the manufacturer provided. The build chamber was ventilated with Argon 

during the experiments. The details of the test layouts and parameters used in these tests are 

discussed in detail in the following sections.  

Table 6-2: Composition of the start plate used in single melt track experiments. 

Element Ni Fe Cr Nb & Ta Mo Ti Al B, Co, Cu, Mn & Si 

Composition/ wt.% 52 19 18 5 3 0.9 0.5 trace amounts 

 

Table 6-3: Composition of the powder used in multi-layer pads (solid block) experiments. 

Element Ni Fe Cr Nb Mo Ti Al 
Co, Cu, Mn, Si 

&C 

Composition/ 

wt.% 
52.77 18.5 18.48 5.29 3.10 1.07 0.5 0.19 

 

6.2.3.1 Single Beads 

The goal of the experiments is to characterize the melt pool behavior throughout the available 

process space. The experiment layout is illustrated in Figure 6-4 along with the power-velocity 

combinations. The numbers inside the pads represent the melting order to avoid any thermal 

interaction between the pads. The marker labeled “EOS Nominal” in Figure 6-5 is the 

recommended parameter combination developed by the machine manufacturer for IN718. 

However, these parameters were not available when the experiments were performed and hence 

the nominal power and velocity combination for Inconel 625 (IN625) [127] is used for the nominal 
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case pad test in the layout shown in Figure 6-4. The substrate was heated to a temperature of 353 

K and the expected beam spot size is approximately 100 microns.   

 

Figure 6-4: Experiment layout for single bead tests along with the power, velocity 

combinations. 

 
Figure 6-5: Matrix of single bead test points along with the nominal parameters identified 

in the power-velocity space. 
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6.2.3.2 Multi-Layer Pads (Solid Blocks) 

Multi-layer pads of 10Wx15Lx12.7H mm are built by adjusting the hatch spacing parameter to 

control the overlap between adjacent melt tracks. Using the melt pool dimensions obtained from 

the single beads, the hatch spacing was adjusted for the multi-layer pads to match with the nominal 

overlap. The nominal overlap is the overlap resulting from the melt tracks that are deposited at the 

nominal process parameter combination specified by the EOS machine manufacturer and it is 

estimated to be 30% based on the melt pool dimensions calculated from the single bead 

experiments. The overlap shown in Figure 6-6 refers to the overlap between the adjacent melt 

tracks which is calculated using the equation shown in the figure. Figure 6-7 illustrates the 

experiment layout and also provides information about the power, velocity and hatch spacings 

used for various pads. Other relevant process parameters used in these experiments are outlined in 

Table 6-4. On the EOS machine, hatch spacings can only be entered as multiples of 10 µm and 

hence some of the hatch spacing values have to be rounded off to the nearest multiple of 10 µm.  

 

Figure 6-6: (Left) Illustration of the overlap between the adjacent melt tracks and (Right) 

Equation to measure the overlap between adjacent melt tracks for a given melt pool width 

and hatch spacing. 
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Figure 6-7: (Left) Layout for multi-layer pad experiments along with pad numbers (Right) 

Process parameters corresponding to the respective pad numbers in the layout. 

Table 6-4: Parameter settings used in the multi-layer pad experiments.  

Parameter Parameter Settings 

Layer thickness (µm) 20  

Base plate temperature (K) 353 

Distance between  pads (mm) 10 

Sky writing  On 

Scan rotation after each layer (°) 67 

Focus diameter (µm) 100 [114] 

 

6.2.4 Sample Preparation and Characterization 

The black dashed lines across the plate in Figure 6-4and Figure 6-7 are the locations where melt 

tracks were sectioned to observe the cross-sections of the single bead and multi-layer pad 

experiments. The sectioning is done using a Wire Electrical Discharge Machine (Wire EDM). All 
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samples were mounted in Konductomet™ mounting compound via hot compression mounting and 

polished using a Buehler auto-polisher. The samples were polished using the standard procedure 

recommended by Buehler, which is provided in Appendix A. Once the samples were polished, 

they were etched using water-less Kalling’s reagent [128] for 45-60 seconds. This etchant consists 

of 5 grams of Copper Chloride (CuCl2), 100 ml of Hydrochloric Acid and 100 ml of Ethanol.  

An Alicona InfiniteFocus optical microscope was used to image the top surface of the 

single bead melt tracks before sectioning the samples. These images are taken in the middle section 

of the tracks so they are not close to the turnarounds (edges) and the melt pool has reached a steady 

state. An example image of the top surface of the no added material single bead is shown in Figure 

6-8 (left). The red lines at the border of the melt track were manually identified using GIMP 

software as a new layer in the image. After that, the layer was filled with black color which resulted 

in an image as shown in Figure 6-8 (right). Then, the distance between the red lines was measured 

automatically using an image processing script to calculate the melt pool width along the melt 

track [70].  

 

Figure 6-8: (Left) An optical microscope image of the surface of an AlSi10Mg and (Right) 

melt pool track with the edges manually highlighted in red color and the space between the 

edges is filled with back color. The melt pool width (distance between the red lines) was 

measured at every pixel along the length of this image, the results of which were then 

averaged together. This single bead track was melted using a beam power or 370 W and a 

velocity of 200 mm/s. 

For the single beads, once the surface width measurements were obtained, samples were 

sectioned and polished to study melt pool geometry and microstructure at the cross section. 

Polished samples were imaged using an Alicona InfiniteFocus optical microscope. Figure 6-9 



132 

 

shows an example micrograph of the cross section of the single bead sample marked with melt 

pool geometry characteristics that are of interest. ImageJ software was used to measure the melt 

pool width, depth and area. The grain widths were measured from the single bead samples using 

the line intercept method [106]. These results are discussed in detail in the following sections.  

 

Figure 6-9: An example image of the melt pool cross-sections for single bead with melt pool 

geometry characteristics marked. This melt pool cross section is from the single bead track 

melted using a beam power or 250 W and a velocity of 600 mm/s. 

For the multi-layer pads, unlike the single bead samples, it was not possible to identify the 

grains clearly using the Alicona. Hence, other microscopy methods were used such as Scanning 

Electron Microscopy (SEM) and Electron Back Scatter Diffraction (EBSD). A Quanta 600 SEM 

was used for obtaining micrographs in the Z-contrast mode. Previous work by Trosch et al. [55] 

has discussed segregation of the δ-phase (orthorhombic Ni₃Nb) at the grain boundaries and inside 

the grain for laser melted IN718. Since Nickel and Niobium have different atomic numbers, using 

Z-contrast aids in identifying solidification features as shown in Figure 6-10. Though these 

micrographs have provided information on the solidification structure, it was difficult to discern 

grain boundaries from Z-contrast mode over a large field of interest. Hence, EBSD was used to 
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obtain information related to the grains over a larger field of interest. The EBSD data was 

processed using MTEX and the mapping submodule Tango in the Aztec software that is available 

on the Oxford system. The results associated with the melt pool geometry and microstructure 

mapping are discussed in detail in the following sections.  

 

Figure 6-10: Example SEM micrograph illustrating the δ phase in IN718. 

6.3 Results  

6.3.1 Process Mapping of Melt Pool Geometry  

The process maps are developed for the melt pool width, depth and area using the information 

from the experiments and simulations. These two categories of maps are compared to estimate the 

effective absorptivity of the material for the simulation set up used in this work.  

6.3.1.1 Simulations 

The process maps from simulations in this work are developed for melt pool area. Figure 6-11 

illustrates the process map for melt pool area resulting from simulations. It can be observed that 

there are power velocity combinations in the machine process variable space that yield constant 

melt pool dimensions. Most of the machine manufacturers suggest a standard parameter set to be 
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used for fabrication for every material the manufacturer supports. However, not all components 

require the same properties. These parameters need to be changed based on the application of the 

component and it is important to understand the process input and output relationships to optimize 

the parameters for the quantity of interest. The process maps can be used to extend the process 

limits and utilize the full potential of the process to optimize the quantity of interest during the 

build. 

 
Figure 6-11: Process map for melt pool area resulting from laser melting of IN718. Area 

remains constant along each line in the map. 

6.3.1.2 Experiments 

For the melt pool width, measurements are taken on the surface of the melt track and at a single 

cross-section to map the effect of beam power and travel velocity. The details of these 

measurements are provided in Appendix B. From these measurements, it can be observed that the 

melt pool width is higher in the cross-section when compared to the width on the surface for all 
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the power-velocity combinations used in these experiments. The reason for this behavior is not 

known. However, this is a good example to emphasize the importance of obtaining the melt pool 

width at the surface and characterize the melt track over a considerable length rather than looking 

at one cross-section which either leads to underestimation or over estimation of the melt pool 

widths. It is worth noting that the lower bounds of the width values are critical values if the user 

wishes to guarantee an acceptable overlap between adjacent melt tracks and mitigate lack-of-

fusion porosity. Also, variability in the melt pool width is low when compared to the variability 

observed in AlSi10Mg. This shows that melt pool variability depends on the alloy too. Maximum 

and minimum melt pool width was used to present the variability in the form of process maps. 

These bounds represent the window in which 95% of the width values are present, assuming that 

the melt pool width follows a normal distribution. The dashed lines in Figure 6-12 represent the 

process maps obtained for the upper and lower bounds of melt pool width. From this process map, 

it can also be observed that the variability in the melt pool width is higher for 150 µm when 

compared to 200 µm and 250 µm. One more interesting observation from this process map is that 

the trends for lines of constant melt pool width are similar to the trends observed in lines of constant 

melt pool widths for AlSi10Mg.  
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Figure 6-12: Process map for constant melt pool widths at the surface and the cross section 

for single melt tracks. Dashed lines depict the variation in the melt pool widths. 

The discussion on melt pool widths leads into the discussion on melt pool depths. Similar 

to the variability in the width, variability in the depth is critical to ensure complete melting of 

powder and overlap between the successive layers. With the available set of experiments, only 

melt pool width variability was estimated. However, following the procedures explained in 

Chapter 5, variability in the melt pool depth can also be estimated from the single layer pad 

experiments. In this work, the process maps for melt pool depth were developed using the cross 

section depth measurements which are provided in Appendix B. From the depth process map in 

Figure 6-13, it can be observed that the trends in lines of constant depth are similar to the trends 

of lines of constant depth presented for AlSi10Mg. This map is especially useful to understand the 

process region for minimum allowed depth in order to avoid any porosity due to insufficient 

melting of the powder layer where melt pool depth is less than layer thickness. Application of 

depth process maps is discussed further in the next section where the process window for no 

keyholing or lack of fusion is identified.  
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Figure 6-13: Process map for constant melt pool depths for single beads. 

Similar to the melt pool width and depth, the melt pool area process maps are developed to 

study the effect of process variables on the melt pool cross-section area. Figure 6-14 illustrates the 

process map for melt pool area developed for the data provided in Appendix B. Within the 

available information from the single bead cross-section, it can be observed that the lines of 

constant melt pool area follow linear trend.  Similar to the melt pool width and depth, trends in 

lines of constant area are similar to the trends in lines of constant area for AlSi10Mg.  

 
Figure 6-14: Process map for constant melt pool area for single beads. 
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In summary, results from AlSi10Mg and IN718 for melt pool geometry demonstrate that 

the nature of process maps remains the same for different alloy systems and the mapping 

procedures can be applied to different materials. This is discussed in detail in Chapter 7.  

6.3.2 Establishing Process Window from Single Bead Experiment Results  

Part porosity is a concern in additively manufactured parts since it affects the fatigue life of the 

components [94]. Previous work has shown that both process parameters and powder 

characteristics can influence the part porosity [103][121]. In this work, the process window for 

IN718 is defined as the region in the process space that produces final parts with limited porosity 

due to lack of fusion or keyholing. Lack of fusion pores are formed at power-velocity combinations 

where the melt pool does not fully melt through the powder layer and/or insufficient overlap the 

adjacent melt tracks. The layer thickness must be changed to eliminate the lack of fusion porosity 

between successive layers while the overlap between the adjacent melt tracks can be controlled by 

varying the hatch spacing. Whereas, keyholing porosity can be reduced by increasing the spot size 

[102]. 

Similar to the process window shown in Chapter 4, the melt pool geometry data from the 

single bead experiments is used to develop a qualitative process window for IN718 which is shown 

in Figure 6-15. The lack of fusion region is identified by the melt pools which have a depth less 

than the nominal powder layer thickness of 40 µm for IN718 on an EOS M290 machine. Usually, 

both 20 µm and 40 µm layer thicknesses are used for IN718. However, the lack of fusion region 

identified for 40 µm since, it also includes lack of fusion region for 20 µm layer thickness. 

Therefore, process window is presented for 40 µm thick powder layers. The keyholing region was 

identified based on the melt pool width to depth ratio. The cases with melt pool depth to half-width 

ratio greater than 1 (indicating a non-semi-circular geometry) were treated as keyholing melt pools 
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[102] [129]. Since the information used for this process window is from a single cross section and 

keyholing melt pool depth is not consistent throughout the melt track [104], this process window 

is an approximation, especially at the boundary of the keyholing region. 

 

Figure 6-15: Qualitative process window for IN718 depicting the lack of fusion and 

keyholing regimes for the parameters covered in this research. 

6.3.3 Part Quality from Multi-Layer Pads 

The multi-layer pads built in this work were used to qualitatively understand final part quality. In 

these experiments, the hatch spacing was adjusted to maintain the overlap percentage between 

adjacent tracks equivalent to the nominal EOS overlap of ~30%. Part quality from the multi-layer 

pads is presented at a single cross-section in the pads. The samples are selected from different 

regions in the process space as shown in Figure 6-16. The cross section images of the pads (top) 

and the corresponding cross section images from single beads (bottom) are shown in Figure 6-17. 
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Figure 6-16: Samples of interest identified in different regions of the process space for 

IN718. 

 

Figure 6-17: (Top) Cross section images of the multi-layer pads illustrating the part quality 

and (bottom) corresponding single bead cross section images for the same power, velocity 

combinations used in the pads. 

The images from the cross section are used to qualitatively discuss the part porosity at the 

cross sections and the ability to control the porosity by controlling the process parameters such as 

beam power, velocity and layer thickness. For example, Sample 1 which is built at 150W and 800 
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mm/s is actually in the lack of fusion region if layer thickness of 40 µm is used. However, in these 

experiments 20 µm thick layers are used. This resulted in a part with no lack of fusion defects. The 

under melting porosity observed in the low power and low velocity sample can also be mitigated 

by adjusting the hatch spacing [65,103,120] or by decreasing the beam spot size [102]  apart from 

reducing the layer thickness. Figure 6-17 (top) also illustrates the defects due to keyholing porosity 

for the samples which are built using the parameters that lie in the keyholing region. The quantity 

of pores in Sample 2 are higher than that of Sample 3 though both are in the keyholing region. 

This is due to the difference in the shape of the melt pool in both the cases which deviates from 

the elliptical melt pool assumption used for determining hatch spacing. In addition, there is 

variability in the melt pool depth due to key holing which also contributes to the deviation from 

assumption. This keyholing porosity can be eliminated at the higher energy density region of 

process space by increasing the beam spot size [102]. From Figure 6-17 (top), it can also be 

observed that that the porosity percentage due to keyholing is not consistent for the two keyholing 

cases that are presented here. Along with these cases, a cross section image of Sample 4, which is 

close to nominal build conditions on EOS M290, is also presented. It is interesting to note that 

there is porosity in this sample though it is well within the process window for no keyholing and 

lack of fusion. This is potentially due to the bead up at that power-velocity combination at higher 

length to width ratio of the melt pool [118,119]. In this work only qualitative observations from 

one single cross section are presented since the main focus is on demonstrating the porosity in the 

keyholing and lack of fusion regions of the process space and comparing with the sample built at 

nominal or near nominal processing conditions.   
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6.3.4 Comparison between Simulations and Experiments for Single Beads  

As noted in §5.2.2, there are certain phenomena like convection to the surroundings, radiation, 

Marangoni flows, keyhole-mode melting which are not included in the model used in this work. 

The power which is applied in the simulations is entirely absorbed by the materials, whereas not 

all the power that is delivered by the laser is absorbed by the material in experiments. Thus, a 

comparison between the beam input power used in experiments and absorbed power from 

simulations results in a factor that is equivalent to the absorptivity of the material. Since, the model 

is not a thorough representation of the experiment set up, the absorptivity is referred to as effective 

absorptivity in this work.  

The effective absorptivity is estimated for only melt pool area in this work since a point 

heat source is used in the simulation model that results in a semi-circular melt pool. The effective 

absorptivity data presented in Figure 6-18 shows that with increase in depth to half-width ratio, 

absorptivity increases. The explanation for this is similar to the one provided in §5.3.4 where 

keyholing led to an increase in estimated absorptivity of the material. Keyholing mode melting is 

different from conduction mode melting which is the primary heat transfer mode in the current 

model. Therefore, the absorptivity is estimated from the data points which are in the non-keyholing 

region as shown in Figure 6-19. The summary of the effective absorptivity values estimated from 

this work are detailed in Table 6-5. 
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Figure 6-18: Illustration of the increase in absorptivity estimated from melt pool area with 

increase in melt pool cross section aspect ratio. 

 
Figure 6-19: Illustration of the variation in absorptivity estimated from melt pool area with 

melt pool cross section aspect ratio in non-keyholing region. 

Table 6-5: Estimated values for absorptivity from melt pool area in the non-keyholing 

regime of the process space. 

Melt Pool Geometry Considered Area 
Average Effective Absorptivity (%) 39% 

Standard Deviation (%) 7% 
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6.3.5 Process Mapping of the Solidification Microstructure  

Similar to the work done in Chapters 4 and 5 on Ti64 and AlSi10Mg, in this Chapter, both 

simulations and experiments are used to understand the solidification microstructure control. First, 

results from the simulations are discussed followed by the experimental analysis.  

6.3.5.1 Process Mapping of Solidification Conditions from Simulations 

In order to extend the concept of the integrated melt pool geometry and microstructure control [28] 

to laser melted IN718, the effect of melt pool area on thermal gradient and cooling rate are plotted 

explicitly. Figure 6-20 shows the variation of cooling rate with melt pool area obtained from 

simulations. With an increase in the melt pool area, cooling rate decreases and vice-versa. This 

can be explained by the fact that for bigger melt pools, resulting from higher energy density, it will 

take more time for the energy to dissipate thus resulting in a decrease in the cooling rate. This 

result is similar to the result from Chapter 5(§5.3.5), where cooling rate followed a similar inverse 

relationship with the melt pool area for AlSi10Mg. This implies that the process maps for cooling 

rates for IN718 will follow similar trends as process maps for melt pool area in the power-velocity 

space.  

On the other hand, thermal gradients are critical to study the equiaxed to columnar 

transitions in the microstructure [29].  Figure 6-21 and Figure 6-22 show the variation of thermal 

gradient with the melt pool area obtained from the simulations. Similar to the cooling rates, thermal 

gradients also vary with melt pool area. With increase in the melt pool area, thermal gradient 

decreases and vice-versa. However, the power factor is -0.5 and -1.4 for the thermal gradient in 

Figure 6-21 and Figure 6-22, when compared to -1 for the cooling rate in Figure 6-20. These 

relationships are obtained from simulation results. Unlike melt pool geometry, there is no direct 

comparison to validate these absolute values predicted for thermal gradient and cooling rates with 
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an experiment measurement. However, results from Chapter 4 demonstrate that the qualitative 

trends for the solidification conditions inferred from the simulations provide useful insights for 

interpreting the microstructure. From these figures, it is important to note that the thermal gradients 

obtained at the top surface of the melt pool are negligible when compared to the thermal gradients 

estimated at the bottom of the melt pool.  To be specific, the thermal gradient at the top surface is 

an order of magnitude less than the thermal gradient at the bottom of the melt pool. Along the 

solidification front, the resulting thermal gradient will be lower in the top region of the front when 

compared to the bottom region.  

 
Figure 6-20: Variation of cooling rate at the tail end of the melt pool with melt pool area 

from the no added material simulation model. 
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Figure 6-21: Variation of 𝑮𝒛 with melt pool area from no added material simulation model. 

 
Figure 6-22: Variation of 𝑮𝒙 with melt pool area from no added material simulation model. 
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6.3.5.2 Experiments 

Both single bead and multi-layer samples are analyzed to understand the microstructure formed at 

solidification. In the single beads, simple grain size analysis was performed to understand the 

relationship between the grain size and the melt pool size. This was followed by more detailed 

analysis of the grains and the structure inside the grains in multi-layer pads.   

Single Beads 

Similar to Ti64, in IN718 single beads the grains grow epitaxially from the start plate towards the 

center of the melt pool as shown in Figure 6-23. In the previous chapters on solidification 

microstructure control in Ti64 and AlSi10Mg, it was demonstrated that the knowledge from single 

beads can be used to understand the analysis for solid blocks. And, the relationship between 

solidification microstructure and melt pool geometry predicted from single beads qualitatively 

holds true for multi-layer pads or solid builds.  The grain widths from single beads are measured 

to examine if there is a link between the grain size and the melt pool size in IN718. 

 

Figure 6-23: Example cross section of the etched melt pool used for estimating the average 

grain size. 

The grain sizes are measured from the melt pools in which grains were clearly identifiable 

using line intercept method [106]. A line is drawn across the grains in the melt pool and each grain 

width is measured using ImageJ software. Table 6-6 provides information about both the average 

grain width along with the beam power and velocity corresponding to the single bead cross section 

from which grain sizes are measured. Figure 6-24 shows these grain widths plotted with effective 
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melt pool width. Unlike the result in Chapter 3 for prior beta grain width control in Ti64, in this 

case, there is no is no distinct relationship between the grain width and effective melt pool width. 

One possible explanation for the spread in the data in the plot show in Figure 6-24 is based on the 

fact that grains in the single beads nucleate and grow from the grains in the start plate as shown in 

Figure 6-25. The arrows show the example grains which continue to grow from the start plate. 

However, the start plate grain size did not affect the grain size trends in the single bead Ti64 melt 

pools from electron beam melting. This is likely due to the smaller size grains in the start plate 

when compared to the prior beta grains in the melt pool. This means apart from thermal conditions, 

grain size in the start plate seems to affect the grain size in the single beads. 

Table 6-6: Average grain size measurements from single bead samples.  

Power 

(W) 
Velocity 

(mm/s) 
Average Grain 

Width  
(µm) 

370 400 18 
300 400 13 
250 400 9 
200 600 13 
100 600 8 
370 600 14 
300 600 10 
250 600 9 
200 800 9 
150 800 10 
300 800 12 
370 1000 16 
300 1000 17 
250 1000 12 
200 1200 8 
200 1400 10 
150 1400 9 
100 1400 8 
370 1400 16 
300 1400 14 
250 1400 11 
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Figure 6-24: Plot of grain width vs. effective melt pool width in IN718 single bead cross 

section images. 

 

Figure 6-25: Illustration of the epitaxial growth of grains in the single bead samples 

emphasizing the importance of substrate grain size in determining the grain size in the melt 

pool. 

Multi-layer Pads (Solid Blocks) 

The multi-layer pads were analyzed for grain orientation, size and shape. Initially, the goal was to 
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was used for the single beads did not show any observable features in the solid blocks using a light 

optical microscope. Hence, EBSD was used to study the above mentioned quantities of interest. 

Since, EBSD is expensive, it was not feasible to analyze all 30 samples. Hence, four samples that 

are identified within the good region of the processing window in Figure 6-26 are studied in detail 

for microstructure. Previous work by Gockel [28] had demonstrated that by controlling the shape 

of the melt pool through length over depth (l/d) ratio, grain morphology can be controlled for prior 

beta grain widths in Ti64. Hence, the four sample are chosen such that two sets of samples have 

the same melt pool size and all of them have different melt pool length over depth (l/d) ratios. 

Length over depth (l/d) values are measured from simulations using the effective absorptivity 

estimated by comparing the simulations with experiments. It is important to note that the absolute 

values might not be accurate; however, the relative trends and order of magnitudes can be 

estimated using this procedure. This assumption can be reinforced by the results in Chapter 5, 

where the trends between cooling rates and melt pool geometry are supported by results from 

experiments. Given that the cooling rate is inversely proportional to the melt pool size, it is 

expected that the sample with a lower melt pool area will result in finer grains when compared to 

a sample with larger melt pool area. These samples are imaged to capture information related to 

grain size, shape and orientation.  
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Figure 6-26: Sample chosen for microstructural analysis identified in the process space 

with estimated melt pool area and aspect ratio. 

The samples represent cases with variation in cooling rate and shape (l/d) of the melt pool 

which results in change in grain morphology as shown in Figure 6-27. In this figure, thermal 

gradients are presented over a range identified by the arrows instead of one single value. The range 

here includes the minimum and maximum possible thermal gradient along the solidification front 

which are estimated from the simulations. Similar to the validity of l/d values, these thermal 

gradients are qualitative estimates of the relative variation among the samples. To study the grain 

morphology transition, solidification rate is equally important as the thermal gradient. For the l/d 

range considered in these experiments, average solidification rate along the solidification front can 

be assumed to be equal to the beam travel velocity.  
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Figure 6-27: CET for IN718 [99] with the expected morphology identified for the three 

samples which are analyzed using EBSD scan. The colors correspond to the power velocity 

combinations in Figure 6-26. 

Grain Orientation 

For the grain orientation analysis, raw data is processed for orientation mapping using MTEX 

[130–132]. For FCC structures, <100> is the favorable crystal growth direction [29]. In AM, 

orientation of the grains with respect to build direction is of primary interest since columnar 

dendritic growth is predominant in additively manufactured components [11,30,57]. These 

dendrites growing along the same direction will result in a columnar grain. This will give rise to 

anisotropy in the samples. Therefore, inverse pole figures (IPFs) are generated for build direction 

(Y axis) to understand the sample orientation with respect to crystal orientation. In the IPFs of 

samples built at (100 W, 400 mm/s) in Figure 6-28 (a) and (200 W, 1000 mm/s) in Figure 6-29 (a), 

the red colored regions are crystals that are oriented along the <100> direction. This means, the 

build direction consists of the crystals with <100> orientation. This results in columnar growth in 

these two samples. This matches well with the qualitative prediction for grain morphology 

presented in the CET diagram in Figure 6-27. For the sample built at (300 W, 1000 mm/s), and 
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(370 W, 1400 mm/s) Figure 6-30 (a) and Figure 6-31 (a) respectively, for which the thermal 

gradient is spanning the mixed and columnar grain growth regions, there is no preferred crystal 

growth direction and the structure is random. The scale bar beside the IPF represents the intensity 

of a crystal orientation compared to the intensity of the same crystal orientation in a random 

structure that consists of all possible crystal orientations.  For example, in Figure 6-28 (a), the 

maximum intensity value of 6 for sample 1 is more when compared to the maximum intensity 

value of ~2 in Figure 6-30 (a) for the  sample 3 and sample 4. This means, along the build direction, 

<100> texture is stronger in the columnar growth sample when compared to the <100> texture in 

the sample with random orientation. It is also important to note that the color of one grain is not 

uniform. There is an orientation gradient within each grain. Orientation data from these samples 

suggest that, just by changing the primary melting parameters: beam power and velocity, the grain 

orientation (texture) can be changed.  

It is also important to understand the orientation of crystals with respect to non-build 

directions when understanding texture. For this purpose, pole figures are provided in Figure 6-28 

(b), Figure 6-29 (b), Figure 6-30 (b) and Figure 6-31 (c) for all four samples. In the first two 

samples (Figure 6-28 and Figure 6-29) with columnar growth (strong texture along the build 

direction), the pole figures show the accumulation of poles along specific directions indicated by 

the maxima in red color. Whereas, for the samples 3 and 4, the poles figures show random 

distribution of poles with lower intensity than samples 1 and 2. This can be explained by the weak 

texture observed in samples 3 and 4. Available data suggests a correlation between the orientation 

of crystallographic planes and process parameters which gives the ability to alter texture via melt 

pool geometry control.  
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 6-28: (a) IPF-Y Color map (b) Pole Figure and (c) Grain misorientation map and 

frequency histogram for Sample 1 built at 100 W, 400 mm/s. 
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(a) 

 
(b) 

 

 
(c) 

 

Figure 6-29: (a) IPF-Y Color map (b) Pole Figure and (c) Grain misorientation map and 

frequency histogram for Sample 2 built at 200 W, 1000 mm/s. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 6-30: (a) IPF-Y Color map (b) Pole Figure and (c) Grain misorientation map and 

frequency histogram for Sample 3 built at 300 W, 1000 mm/s. 
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(a) 

 

 

(b) 

 

 

(c) 

Figure 6-31: (a) IPF-Y Color map (b) Pole Figure and (c) Grain misorientation map and 

frequency histogram for Sample 4 built at 370 W, 1400 mm/s. 
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From the EBSD data, misorientation information is also obtained. Misorientation in this 

context is the measure of average misorientation of each crystal with respect to its neighboring 

crystals. This is referred to as intragranular misorientation. Figure 6-28 (c), Figure 6-29 (c), Figure 

6-30 (c) and Figure 6-31 (c) show the average misorientation profiles for the four samples along 

with the frequency histograms. These average misorientation profiles can be used to evaluate the 

localized strain in the material [133]. The higher the strain, the larger is the misorientation angle. 

The color bar beside the misorientation map indicated the maximum misorientation angle. It is 

interesting to note that with an increase in the <100> fiber texture intensity, the maximum value 

of the misorientation angle increased.  

Overall, these results not only demonstrates the link between melt pool geometry and 

texture in the part, but these also provide information that can be used to develop and validate the 

solidification and grain growth models for IN718.   

Grain Size  

The information related to grain size and shape is obtained from the EBSD scan data. All of the 

analysis is performed using the mapping submodule Tango in Aztec post processing software on 

an Oxford system. The data was cleaned up to remove the zero solutions where the diffraction 

patterns were not indexed. A critical misorientation angle of 10° is used to segregate the grains. 

Grain size is discussed first followed by grain shape. Grain size here refers to the equivalent 

circular diameter which is measured from the area of each grain.  

The probability plot of grain sizes for all four samples is presented in Figure 6-32. The 

dashed lines in the plot represent log normal distribution for the grain size data whereas, the circle 

data markers represent the measured grain size data. It is interesting to note that the lower end tail 

is deviating from the log normal distribution and this is known as lower tail departure. This agrees 
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well with the observations reported by Subedi on laser melted IN718 [45]. The deviations at the 

upper tail are negligible. There is a large dispersion in the data which is similar to the observations 

reported for prior beta grain size in electron beam melted Ti64. However, the deviation from log 

normal distribution is more in IN718 when compared to Ti64. There are many small grains in 

IN718 when compared to the grain size distribution in Ti64. This difference can be due to changes 

in other process parameters that contribute to the grain growth such as hatch spacing and scan layer 

rotation for electron beam melting of Ti64. Based on the melt pool size, the sample built at 300 W 

and 1000 mm/s and 370 W and 1400 mm/s are expected to have a higher grain size. However, the 

grain size distribution plots for the samples built at 300 W and 1000 mm/s and 200 W and 1000 

mm/s overlap except at the upper tail and the sample built at 100 W and 400 mm/s which has lower 

melt pool area has larger grains. This can be explained by the grain morphology which was 

discussed in the previous section. The sample built at 100 W and 400 mm/s predominantly has 

columnar grains which grow through multiple layers and coarsen as shown in the IPF-Y in Figure 

6-28 (a). The increase in the grain size is also represented by the shift in probability distribution 

curve towards the larger grain size values on the x-axis.  Similarly, the sample 2 has a columnar 

grain structure when compared to the sample 3 and 4 which is reflected in the grain size probability 

distributions in Figure 6-32. In case of sample 3 and sample 4, they both have the same cooling 

rate and have random orientation. However, there is a shift in grain size distribution for these two 

samples. This can be explained based on the difference in the extent of random growth. These 

results show that grain growth in laser melted IN718 is a complex process and grain size does not 

just depend on the cooling rate, but it also depends on the grain morphology. Based on the results 

observed in Chapter 3 where prior beta grain size increased with decrease in cooling rate, it is 

likely that if all the samples with predominantly columnar growth are considered, the grain size 
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should scale might scale with cooling rate. This needs to be verified by analyzing more samples 

having grains oriented along the build direction.  

 
Figure 6-32: Probability plot (cumulative) of the grain sizes from EBSD scan data. 

 

Grain Shape  

Grain shape is quantified by using the aspect ratio of the grain. It is the ratio of the minor and 

major axes of the ellipse that is fit to the grain. Probability plots of the aspect ratio of the grains 

are presented in Figure 6-33 for all three samples. All four samples consist of elongated grains 

with aspect ratios greater than 1. However, for sample 4, which has the largest l/d ratio among the 

4 samples, the probability curve shifted towards the lower grain aspect ratio. The trends observed 

in the grain shape cumulative probability plots agrees well with the qualitative grain shapes 

observed in the IPF-Y pole figures of all the four samples and the grain size distributions.  
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Figure 6-33: Probability plot (cumulative) of the grain aspect ratio from EBSD scan data. 

Solidification Structure 

Due to the very high cooling rates experienced during the rapid solidification, very fine cellular 

and dendritic microstructure is formed upon solidification. Figure 6-34 shows an example image 

for IN718 which consists of solidification structures. This is from the sample which is built at 100 

W and 400 mm/s. It is hard to distinguish between cellular and dendritic structures in fine 

solidification patterns like these where the dendrites does not grow secondary dendrite arms. This 

is because cross section of dendrite growing out of the page can appear as cellular structure. 

However, previous work on laser melting of 316L stainless steel had discussed about 

distinguishing between cellular and dendritic structure from cross section of the sample normal to 

the beam travel direction [32]. Depending on the growth direction and heat transfer direction, an 

example dendritic and cellular structures are identified in the Figure 6-34. More detailed analysis 

is required for accurate identification of dendritic and cellular growths. The example shown in 

Figure 6-34 is based on the knowledge inferred from previous observations made by Roehling et 

al. in laser melted 316L stainless steel [32].  
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Cell spacing and dendrite spacing vary with solidification conditions, e.g. solidification 

rate and thermal gradient as per the Equations 5.4 and 5.5. They are critical for determining 

mechanical properties [29]. In these equations, 𝑐 𝑎𝑛𝑑 𝑘 are material constants and 𝑉 is the 

solidification rate and 𝐺 is the thermal gradient.  

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑑𝑒𝑛𝑑𝑟𝑖𝑡𝑒 𝑎𝑟𝑚 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 (𝜆1) = 𝑐𝑉−1/4𝐺−1/2   (5.4) 

     

𝐶𝑒𝑙𝑙 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 = 𝑘𝑉−1/3𝐺−1/3           (5.5) 

 
 

Figure 6-34: Dendritic and cellular solidification structure in IN718.  

The cell spacing can be easily related to the solidification time since the power exponent 

for both solidification rate and thermal gradient is the same. However, in case of primary dendrite 

arm spacing, such an explicit relationship is not possible. In IN718, both cellular and dendritic 

structure is observed which made it difficult to represent the solidification structure measurement 

with one quantity. Previous work done by [50] discussed the variation in columnar dendrite growth 

with change in beam power and velocity and the subsequent effect on hardness and other 

properties.  
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6.4 Conclusions  

In this chapter, knowledge obtained from studying AlSi10Mg is extended to IN718 with the main 

focus on melt pool geometry and microstructure mapping in the beam power and travel velocity 

space via experiments and finite element modeling of the laser melting process. First, melt pool 

geometry is mapped in the process space followed by identification of a process window with no 

keyholing and lack of fusion porosity. There is a very narrow region in the power-velocity space 

where the defects due to keyholing and lack of fusion are minimized. This is similar to the result 

observed in AlSi10Mg except for the fact that the process window shifted toward lower powers in 

IN718 when compared to AlSi10Mg. This is due to the difference in thermal diffusivity of the two 

materials which changes the susceptibility to keyholing and lack of fusion porosity. After that, 

melt pool area measurements from simulations and experiments were used to estimate the effective 

absorptivity of the material in the non-keyholing region of the process space.  

The melt pool geometry analysis is followed by studying the solidification conditions in 

different regions of the power-velocity space. Temperature-related information from the 

simulations is used to estimate the cooling rate and thermal gradient across the considered range 

of power-velocity space. This information provided useful insights on the distinct relationship 

between melt pool size and solidification conditions. Grain size, shape and orientation are studied 

as part of the microstructure. Results show that by increasing the L/d (length to depth) aspect ratio 

of the melt pools, anisotropy can be reduced due to the presence of random crystal orientations. 

This agrees well with the qualitative prediction from IN718 solidification map using the 

solidification trends estimated from finite element simulations. Grain size analysis results show 

that grain morphology is also an important factor that controls the grain size along with cooling 

rate.  
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This work (i) identified the regions in available processing space that will minimize the 

defects due to under-melting and keyholing porosity and produce a high quality part (ii) established 

concepts of integrated melt pool geometry and microstructure control in laser melted IN718 with 

a main focus on altering the texture via change in melt pool shape. Results from this work aid in 

effectively opening up process space for optimizing quantities of interest such as texture, surface 

finish, deposition rate, part properties etc. This in turn will remove the constraint of just using the 

nominal parameters that are recommended by the machine manufacturer.  
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7 Framework to Predict Melt Pool Geometry across Alloys and 

Processing Conditions in Additive Manufacturing  

7.1 Overview 

With the growing popularity of Additive Manufacturing (AM), new materials are being developed 

and are pursued for use in the AM equipment. In Chapters 3, 5 & 6, it was demonstrated that for a 

build to be successful, it is critical to understand the effect of primary process parameters on melt 

pool geometry. It is also evident that the process maps for melt pool geometry follow the same 

trends in power-velocity space for Ti64, AlSi10Mg and IN718, irrespective of the fact that these 

materials have different thermophysical properties and processing conditions. These similar trends 

in process space served as a motivation to explore for a framework, which would assist in 

predicting the melt pool geometry like width, depth and area for different process conditions and 

alloy systems. More importantly, this can be done without performing a large number of 

experiments and simulations. Based off of the existing literature on welding processes, results from 

this work provide a preliminary framework for quantifying melt pool geometry over a range of 

material properties and process settings. This work will provide significant insights on guiding the 

experiments in order to refine the process parameters further and act as a guide for detailed 

modeling work. 

7.2 Discussion on Methods to Predict Melt Pool Geometry  

7.2.1 Analytical Solutions  

Rosenthal [60] presented an analytical solution for temperature distribution in the case of a moving 

point heat source. However, in reality, heat source is distributed instead of a point source. In order 

to address the distribution effects of the heat source on the temperature field Eagar et al. [62] 
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developed a modified version of Rosenthal’s analytical solution with an additional distribution 

parameter. In this work, beam spot size is not explored in detail as a process variable. Hence, 

Rosenthal analytical solution is discussed in detail.  

 Rosenthal’s solution for the temperature distribution resulting from a moving point heat 

source on a semi-infinite solid is given by Equation 7.1. This solution is developed for the 

conduction based heat transfer.  

𝑇 − 𝑇0 =  
𝑞

2𝜋𝑘
 
𝑒𝑥𝑝−𝜆𝑣(𝜉+𝑅)

𝑅
      (7.1) 

Where, T = temperature  

             𝑇0 = initial temperature of the solid  

  𝑞 = power absorbed by the solid  

 𝑣  = travel velocity of the heat source  

 𝑘  = thermal conductivity of the material  

 
1

2𝜆
 = thermal diffusivity of the material  

 𝜉  = distance of the point of interest from the point source  

 𝑅 =  √𝜉2 + 𝑦2 + 𝑧22
 

From this equation, it can be identified that the variables considered in this solutions are 

beam power, travel velocity, initial temperature of the solid, thermophysical properties of the 

materials viz. thermal conductivity, density and specific heat. Some of the major assumptions for 

Rosenthal equation are: (i) thermophysical properties does not change with temperature (ii) beam 
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power and travel speed are constant [60]. Apart from those two assumptions, it is also important 

to note that the latent heat effect, surface heat losses, fluid flow inside the melt pool (weld pool) 

and effects of powder such as size distribution and layer thickness are not included in the derivation 

of the analytical equation. Thus, when applying the Rosenthal equation to the additive 

manufacturing processes, it is important to adjust the solution based on a finite element models or 

experiments where some of the limitations of the analytical solution are addressed. Gockel [28] 

discussed about adjusting the Rosenthal equation by changing the temperature at which the 

thermophysical properties are considered to match the analytical solution to the finite element 

model while predicting melt pool geometry, cooling rates and thermal gradients. Similarly, 

absorptivity of the material is also a variable which can be modified to adjust the Rosenthal 

solution when comparing with simulations or experiments.  

7.2.2 Comparison between Analytical Solutions and Finite Element Simulations 

The finite element simulations considered in this work addresses some of the assumptions used in 

the Rosenthal analytical equation if not all of the assumptions. In this section, these two models 

are compared to emphasize the fact that using Rosenthal solution without any prior information 

can be misrepresentative. The comparison consists of two parts. Firstly, properties at the standard 

room temperature are used in the Rosenthal equation and the resulting melt pool depth is compared 

with the melt pool depth from the simulations. Properties at room temperature are considered in 

this analysis because they are easily available in the literature when compared to temperature 

dependent properties. After that, the temperature at which the properties are to be used is adjusted 

until the melt pool depth from Rosenthal solution matches with that predicted by the finite element 

simulations. In this comparison, the properties of the material which are adjusted in the analytical 

solution are thermal conductivity, density and specific heat. This comparison is performed at four 



168 

 

different regions in the process space (power-velocity) space as shown in the Figure 7-1. These 

four points represent the extreme values in the process window. Since, both the models include 

absorbed power, absorptivity is not considered as a process variable in this comparison. However, 

when the comparison is between model and the experiment, absorptivity is a critical variable which 

was discussed in detail in Chapters 5 and 6. Thus, to eliminate the need to add one more variable, 

comparison of Rosenthal solution is limited to finite element model. Temperature dependent 

properties are obtained from the data provided in the literature for IN718 material [115].  

 
Figure 7-1: Four extreme corners in the process space to capture the behavior across the 

process space. 

Table 7-1outlines the results from the comparison between the melt pool depths predicted 

by the analytical model and finite element model. Rosenthal fitted temperature is chosen such that 

the properties at this temperature will result in less than 5% difference when compared to the 

simulation depths. This difference can be reduced further by adjusting the fitting temperature 

thought the temperatures in the table are limited to less than 5% difference. It can be observed 

from the table that the difference between the melt pool depths from simulation and Rosenthal 

0

30

60

90

120

150

180

210

0 200 400 600 800 1000 1200 1400 1600

A
b
so

rb
ed

 P
o
w

er
 (

W
)

Travel Velocity (mm/s)



169 

 

solution is higher at room temperature properties when compared to the difference at the fitted 

temperature.  

Table 7-1: Comparison between melt pool area estimated from simulations and Rosenthal 

solution. 

Absorbed 

Power  

(W) 

Travel 

Velocity 

(mm/s) 

Simulation 

Depth (in) 

Rosenthal 

Solution for 

Depth using 

Properties at 

Room 

Temperature 

(in) 

Difference 

(%) 
Fitting 

Temperature 

(K) 

Rosenthal 

Solution for 

Depth using 

Properties at 

Fitted 

Temperature 

(in) 

Difference 

(%) 

30 200 2.7E-03 3.5E-03 31% 1000 2.7E-03 1% 
30 1400 1.1E-03 1.4E-03 24% 1100 1.1E-03 2% 
200 200 7.7E-03 9.3E-03 21% 1100 7.6E-03 1% 
200 1400 3.0E-03 3.5E-03 17% 1000 3.0E-03 1% 

 

It is evident that the Rosenthal prediction for depth is higher than the simulation depth in 

all the cases. This can be explained by the fact that with increase in temperature, thermal 

conductivity of IN718 increases. However, this is not accounted for by considering the room 

temperature conductivity in the analytical solution which led to over estimation of melt pool depth. 

This case study is a good example to show that, (i) room temperature properties are not suitable to 

estimate the melt pool dimensions using Rosenthal solution for laser melting of IN718 and (ii) 

fitting temperature slightly changes with the location in the process space. In summary, depending 

on the process variables and material properties, the fitting temperature varies. For instance, in 

AlSi10Mg, thermal conductivity decreases with increase in temperature [115] and this might affect 

the fitting temperature choice. Study by Ming et al. [65] have reported that room temperature 

properties resulted in best agreement between experiment and analytical solution prediction for 

melt pool geometry in AlSi10Mg. This means, in order to use the Rosenthal solution, the material 

properties have to be adjusted every time when the process variables or the material properties 
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change. In order to do this, simulations have to be performed at different process variable 

combinations for every material of interest which can be tedious and time consuming. Thus, it is 

important to have a framework that utilizes information from the existing simulations and 

experiments in order to predict the melt pool characteristics for a new alloy system or for a new 

process variable combination.  

7.2.3 Regression Models 

Data [68–72] from experiments for different set of materials and processing conditions is used to 

develop the framework. These are referred to as training set. After that, melt pool geometry data 

available from the previous chapter on IN718 was used to test the prediction capability of the 

framework. These are referred to as testing set. These details are provided in Table 7-2. In this 

data, the keyholing points are removed since keyholing mode is different from conduction mode 

melting [104,107]. Though, the approach discussed in this work is for experiments, it can easily 

be extended to simulations.  

Table 7-2: Details of the data used for training and testing. 

 Samples from material Sample size 

Training Set IN625, Ti64, SS 316, SS 17-4, and AlSi10Mg  111 

Testing Set IN718 27 

 

Regression is a commonly used supervised learning technique for predicting continuous output 

values for a given set of inputs. This is done by training the algorithm over available instances of 

input features and testing it on unseen instances. When linear regression is applied on the training 

data with 4 input parameters: Power (P), Velocity (V), k/ρc, Tm – T0, it yielded low R² values as 

shown in Figure 7-2 for melt pool area, width and depth. This is possible because linear regression 

did not adequately capture underlying non-linear structure in the data. Thereafter, regression using 
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neural networks was applied. Plots in Figure 7-3 show that the prediction performance improved 

when compared to simple linear regression approach for melt pool width. In case of melt pool area 

and melt pool depth, linear regression performed well when compared to neural network 

regression, because, linear regression approach is less sensitive to noise (i.e. variability caused by 

border line keyholing cases) as compared to neural network approach [138]. Generally speaking, 

keyholing effect is more significant on melt pool depth and area when compared with melt pool 

width [102]. However, there is potential for further improvement if better input features are 

designed for training. This can be possible by decomposing the current feature set from 4 variables 

to 1 variable using non-dimensionalization and attempting to map output values to the transformed 

input feature. This approach is discussed in the following sections. 
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(b) 

 

(c) 

Figure 7-2: Comparison of predicted vs. actual melt pool dimensions: (a) area, (b) width 

and (c) depth using linear regression. 
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Figure 7-3: Comparison of predicted vs. actual melt pool dimensions using neural network 

regression. 

7.3 Non-Dimensionalization of Process Variables and Melt Pool Geometry 

Based off of Rosenthal’s analytical solution, Christensen et al. [61] developed dimensionless 

graphs for predicting melt pool characteristics over a range of welding conditions and material 

properties. Non-dimensionalized variables developed by Christensen et al. [61] are given by 

Equations 7.2 – 7.5. In these equations, average of the values between initial part temperature and 

melting temperature are used for thermo-physical properties. In the current work, this non-
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dimensional framework developed for welding processes is applied to laser powder bed processes 

to predict melt pool geometry for a wide range of materials and process conditions.  

𝜂 =  
𝑞𝑣

4𝜋𝛼𝑘(𝑇𝑚− 𝑇0)
     (7.2) 

𝑎 =  
𝐴𝑣2

4𝛼2
                 (7.3) 

𝑤 =
𝑊𝑣

2𝛼
      (7.4) 

𝑑 =
𝐷𝑣

2𝛼
                  (7.5) 

Where, 𝜂 = non-dimensionalized operating parameter  

𝑞 = beam power 

𝑣 = beam velocity 

𝛼 = thermal diffusivity  

𝑘 = thermal conductivity  

𝑇𝑚= melting temperature  

𝑇0 = initial temperature of the solid  

𝐴 = melt pool area, 𝑎 = non-dimensionalized melt pool area 

𝑊 = melt pool width, 𝑤 = non-dimensionalized melt pool width 

𝐷 = melt pool depth, 𝑑 = non-dimensionalized melt pool depth 
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7.4 Non-linear Regression on Non-Dimensionalized Variables 

7.4.1 Neural Network Regression 

When using input features generated by non-dimensionalization, overall prediction performance 

using neural networks improved as shown in Figure 7-4 when compared to Figure 7-3. However, 

multivariate linear regression still performed better in the case of depth owing to the variability 

caused by border line keyholing cases. This can be explained based on the result that keyholing 

affect is more significant on melt pool depth and area when compared with melt pool width [102]. 

Nevertheless, this example illustrates the significance of using non-dimensionalization to improve 

the performance of data-driven prediction framework.  

 

 
Figure 7-4: Comparison of predicted and actual melt pool dimensions of testing data using 

neural network regression. 



176 

 

7.4.2 Power Regression  

Plots in Figure 7-5 indicate that the performance of power regression for non-dimensionalized 

input data appears to be better than the neural network regression for the prediction of melt pool 

geometry for testing set. It is also important to note that the process parameter range in the current 

testing data for IN718 has a narrow band (i.e. beam power: 100 to 370 W and beam travel velocity: 

200 mm/s to 1400 mm/s). However, for wider parameter range, especially at high velocities, 

deviation can be observed from the normalization curve as marked in Figure 7-6. This is also 

reported in the previous work by Elmer et al. [129]. In such situations, neural network regression 

or piece wise power regression can potentially capture better the underlying structure of the data, 

in comparison to a simple universal power fit. 

 

Figure 7-5: Comparison of predicted and actual melt pool dimensions of testing data using 

power regression. 
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Figure 7-6: Deviation of actual data from the power regression universal fit at higher beam 

travel velocities. 

7.5 Conclusions 

Melt pool geometry prediction is critical for controlling part quality in additively manufactured 

parts. Current methods for estimating the melt pool geometry are based on modifying the analytical 

solutions or performing time consuming finite element simulations and experiments. In addition, 

with increasing interest in AM, there is need for optimizing the process for various process outputs 

such as deposition rate, strength, surface finish and similar other objectives. This requires 

knowledge of the effect of primary process variables and material properties on the melt pool 

geometry in order to build a good quality part that does not contain any process induced porosity 

and has consistent melt pool dimensions. However, there are many combinations of process 

variables that can possibly be used and performing experiments and simulations at all the possible 

process variable combinations is not a reasonable solution. Non-dimensionalization methods 

presented in this work address the above mentioned limitations and assist the user in predicting 

the melt pool geometry from both simulation results and experiments for different materials and 
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process variable combinations. These approaches can potentially be used for optimization, 

sensitivity and uncertainty analysis and prediction algorithms. 

 Non-dimensionalization is performed on melt pool geometry results from experiment data 

in laser melting process. Results showed that for the available data size that is relatively small, the 

prediction performance improved when non-dimensionalized input features are used. Also, the 

range in which simple power fit regression works is identified. With these contributions, a 

graphical user interface to the prediction framework, can allow any AM user to estimate the melt 

pool dimensions for any material or process variable combination. Further, with this interface, the 

user can also estimate the process maps in power-velocity space for characterizing a process, as 

discussed in the previous chapters. This predicted result can be refined further via focused 

experimentation and modeling work.   
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8 Conclusions and Future Work 

8.1 Conclusions 

Previous work [28] demonstrated melt pool geometry control and how it can be used for 

controlling the microstructure of additively manufactured Ti-6Al-4V (a titanium alloy). However, 

there remained a lack of understanding of (i) its applicability for solid components, (ii) its 

applicability for new materials, and (iii) how melt pool geometry can be generalized to new 

materials and process conditions with minimal experimentation. 

As mentioned earlier, the experiments and simulations from previous work primarily 

focused on a single material (Ti-6Al-4V a titanium alloy) and single melt tracks. However, there 

was no comprehensive understanding on how these results would transfer to solid parts and 

ultimately for location-specific control of prior beta grain size in a component. In Chapter 3, results 

are presented that demonstrate that prior beta grain width scales with effective melt pool width in 

solid builds. This greatly simplifies the strategy for controlling beta grain widths to one of 

controlling melt pool size. These results are further used to successfully vary the microstructure 

methodically in different locations of a single part. While Chapter 3 confirmed the applicability of 

melt pool size control in controlling the prior beta grain width, Chapter 4 tackled the challenges 

pertaining to prior beta grain width response when varying the microstructure along the build 

direction. These results enable the user to execute location-specific control of prior beta grain size 

in a component and this was demonstrated for an example component: the dove tail region of a 

compressor blade. 

In terms of using geometry control to indirectly implement microstructure control in other 

materials, the current work addressed the existing gaps by applying it to two additional materials 
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(aluminum alloy - AlSi10Mg and nickel super alloy - IN718) in a laser melting process. 

Specifically, AlSi10Mg was used to demonstrate solidification structure control through melt pool 

size control. It was found that cell spacing varies with melt pool width; these results are further 

used to successfully vary the cell spacing methodically in different locations of a single part. 

Similarly, IN718 was used to demonstrate texture control through melt pool size control. The 

presented results showed that grain orientation varied with melt pool aspect ratio (length/depth). 

Overall, three levels of microstructure control were achieved, starting with the prior beta grain size 

control in Ti64, followed by cell (solidification structure) spacing control in AlSi10Mg, and ending 

with texture control in IN718.   

While results from integrated melt pool geometry and microstructure control for a component 

and different materials show promise, whenever there are new process conditions or new materials, 

in order to map melt pool geometry, either a new set of experiments or simulations are required. 

To address this, lessons from welding literature have been utilized and applied to additive 

manufacturing. This resulted in a prediction framework that can be used to enable a preliminary 

understanding of melt pool geometry for different materials and process conditions with minimal 

experimentation.  

The knowledge developed as part of this work will aid in (i) choosing melting parameters for 

location-specific control of microstructure to tailor the properties of a part (ii) predicting melt pool 

geometry with minimal experimentation (iii) predicting the microstructure resulting from process 

parameters with minimum experimentation. The work presented in this thesis has the potential to 

reduce the process development and part qualification time, enabling the wider adoption and use 

of additive manufacturing in industry.  
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8.2 Future Work 

The process mapping approach is presented to both control, and predict, the melt pool geometry 

and solidification microstructure for three different materials in two different AM processes. More 

importantly, this can be done with minimal experimentation and modeling work. Therefore, this 

work is a significant step toward accelerating the process development and qualification timeline. 

Some of the potential extensions are discussed below:  

1.  Effect of other process parameters: Primary melting parameters such as beam power and 

velocity were explored in this work for microstructure control in three different alloy 

systems. However, there are other important process parameters such as hatch spacing, 

beam profile, background/part temperature, and scanning strategy, which also affect the 

microstructure. The knowledge related to interactions between the primary melting 

parameters and the other process parameters will provide insights for maintaining 

consistent microstructure even if the other process parameters need to be changed.  

2. Design for tailored properties: In this work, it was demonstrated that as-built 

microstructure ranging from solidifications structure, to grain size, to grain morphology 

can be controlled. However, the application of this is not demonstrated to its full extent as 

part of this work. It is critical to find an application where there is an opportunity for 

design/performance optimization and modify the design such that it utilizes the capability 

of altering the microstructure as needed.   

3. Effect of post-processing heat treatment: All the work presented in this thesis is on as-

built microstructure. In the laser melting process, parts are typically stress relieved after 

the build is completed. Post-stress relief properties should be studied and linked to the as-

built microstructure. Additionally, heat treatment for homogenization is prevalent in the 
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AM industry. The effect of as-built microstructure on post-heat treatment procedures and 

resulting part properties should be explored systematically.  

4. Mechanical testing: Hardness values from the literature are presented in this work as a 

preliminary metric to understand the effect of changing microstructure on the mechanical 

properties. However, it is suggested that extensive mechanical testing should be performed 

to quantify the effect of as-built microstructure on mechanical properties such as tensile 

strength, fracture toughness, impact resistance, etc.  

5. Prediction framework for melt pool characteristics: The prediction framework presented 

in this work is applicable to predicting melt pool geometry in laser melting processes. 

Building on top of that, a similar relationship can be developed for other AM processes 

such as electron beam melting. Additionally, there is potential to tune current regression 

tools to further improve the performance of the framework. Such improvements would 

allow it to be embedded into a process development/optimization software tool.  
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Appendix A Polishing Procedures 
  

The polishing recipes for Buehler’s auto-polisher are provided by Buehler and for Struer’s, the 

procedures taken from ASTM standard for metallography and modified as needed for Struer’s 

auto-polisher 

Titanium Alloy (Ti-6Al-4V)  

Buehler’s Auto-polisher  

Polishing Cloth Suspension and Particle Size 

320 Grit Water (Lubricant) 

UltraPol™ Cloth 9 µm diamond spray with activated master met 

MicroCloth® ~0.05 Mastermet® Colloidal Silica 

 

Aluminum Alloy (AlSi10Mg) 

Struer’s Auto-polisher  

Polishing Cloth Suspension and Particle Size 

SiC foil + MD - Gekko Water (Lubricant) 

MD - Largo 9 µm DiaPro Allegro/Largo 

MD - Mol 3 µm DiaPro Mol R 

MD - Nap 1 µm DiaPro Nap R 

MD - Chem 0.04 µm OP-U + water (last 15 sec) 
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Buehler’s Auto-polisher  

Polishing Cloth Suspension and Particle Size 

320 Grit Water (Lubricant) 

UltraPad 9 µm diamond spray with activated master met 

TriDent 3 µm diamond spray with activated master met 

TriDent 1 µm diamond spray with activated master met 

ChemoMet 0.02 - 0.06 µm Mastermet® Colloidal Silica  

 

Nickel Super alloy Inconel 718 (IN718) 

Buehler’s Auto-polisher  

Polishing Cloth Solution 

240 Grit Water (Lubricant) 

Apex Hercules S 9 µm diamond spray  

TriDent 3 µm diamond spray 

ChemoMet 0.02 - 0.06 µm Mastermet® Colloidal Silica 
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Appendix B Melt Pool Geometry Measurements for Inconel 718 

P (W) 
V 

(mm/s) 

Avg. 

Width 

(Above) 

(µm) 

Standard 

Deviation 

(µm) 

C/S 

Width 

(µm) 

C/S 

Depth 

(µm) 

C/S 

Area 

(mm²) 

100 200 177 13 190 53 7.8E-03 

150 200 248 5 270 157 2.6E-02 

200 200 286 5 314 288 4.9E-02 

250 200 319 9 353 433 7.2E-02 

300 200 364 16 383 470 8.3E-02 

370 200 391 11 411 595 1.1E-01 

100 400 128 2 141 42 4.3E-03 

150 400 178 4 178 63 8.2E-03 

200 400 223 5 279 125 2.0E-02 

250 400 269 6 294 186 3.5E-02 

300 400 277 7 323 236 4.6E-02 

370 400 275 6 301 327 5.9E-02 

100 600 126 3 132 29 3.0E-03 

150 600 145 3 151 43 5.0E-03 

200 600 159 5 178 59 7.6E-03 

250 600 196 5 204 110 1.6E-02 

300 600 247 9 273 161 2.6E-02 

370 600 264 17 311 194 3.2E-02 

100 800 115 2 122 25 2.4E-03 

150 800 130 3 141 37 4.0E-03 

200 800 144 4 171 59 7.2E-03 

250 800 159 5 180 61 8.1E-03 

300 800 172 8 193 82 1.2E-02 

370 800 181 5 203 145 2.0E-02 

100 1000 92 2 103 22 1.8E-03 

150 1000 110 3 123 34 3.0E-03 

200 1000 123 2 143 43 4.5E-03 

250 1000 145 4 159 68 8.1E-03 

300 1000 164 3 180 75 1.0E-02 

370 1000 182 3 202 96 1.4E-02 

100 1200 95 2 101 21 1.5E-03 

150 1200 108 2 118 30 2.8E-03 

200 1200 113 3 113 40 3.5E-03 

250 1200 130 3 165 39 4.3E-03 

300 1200 152 2 170 79 9.7E-03 

370 1200 168 3 184 97 1.3E-02 

100 1400 96 2 107 20 1.3E-03 
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150 1400 115 2 122 25 2.2E-03 

200 1400 125 2 135 34 3.3E-03 

250 1400 131 3 136 51 5.1E-03 

300 1400 143 3 166 61 7.1E-03 

370 1400 168 3 169 85 1.0E-02 

 


