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ABSTRACT 

Porosity is a common issue in additive manufacturing of titanium and its alloys, causing 

detrimental effects on mechanical properties and limiting potential applications for high performance 

components.  The goal of this project was to establish sources and root causes of pore formation in 

electron beam processing and determine their influence on porosity.  Potential sources were identified as, 

porosity from hydrogen evolution, aluminum vaporization, and melt pool lifetime.  A factorial 

experiment was designed to evaluate the effects of hydrogen evolution through filler wire quality and the 

effects of aluminum vaporization by varying the aluminum content in the filler wire by using Ti-6Al-4V 

(Ti-64) and CP-Ti alloys in an electron beam-based directed energy deposition process.   

Several characterization techniques were implemented to determine the total degree of porosity 

for each run condition.  Analysis of the raw data as well as statistical approaches were applied to improve 

the interpretation of the response variable (porosity) in terms of the independent variables.  An analysis of 

variance (ANOVA) was conducted using different pore characteristics as responses for different 

variables, aside from the selected experimental variables. 

Next, a theoretical model for pore formation was developed to create a physical understanding of 

the experimental results.  Three main mechanisms for pore formation were identified and used as the 

basis for this this model.  The formation mechanisms depend on several factors including the amount of 

time available for each mechanism to act, temperature of process, and properties of the liquid metal.  

Time and temperature of the process are considered to be consistent for all samples, but the addition of 
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alloying elements alters the properties of liquid titanium meaning Ti-6Al-4V will have different liquid 

properties than CP-Ti.  Alloying titanium with aluminum alters the liquid metal properties of titanium to 

favor an increase in the degree of porosity based on the classical pore formation mechanisms.   
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Chapter 1: Introduction 

Additive manufacturing (AM) is a rapidly growing field that is applied to various applications related 

to automotive, aerospace, and medical industries [1].  As technology in AM improves, the range of 

applications continues to expand, but with limitations.  Since AM is a relatively new process, there is still 

a lack of understanding throughout many aspects of the process.  Also, due to a lack of standards, it is 

difficult to verify the quality of parts that are produced.  Discrepancies in part quality may include 

dimensional precision and tolerances, internal and external defects, and undesirable microstructures due 

to complex thermal histories [1,2]. 

Porosity is seen in all AM processes, but micro-porosity is a common and unexplained phenomenon 

in electron beam-based directed energy deposition (EB-DED) [1,3].  Due to the detrimental effects 

porosity has on mechanical properties, this becomes an issue for components that require a high level of 

performance for their application.  If AM is expected to continue growing, a better understanding of the 

process must be developed in order to minimize negative effects such as porosity [1]. 

 Titanium alloy Ti-6Al-4V (Ti-64) is a commonly used material in all metal additive manufacturing 

processes.  It is an attractive alloy due to its high strength, low density, high melting temperature, and 

excellent corrosion resistance.  These properties make Ti-6Al-4V ideal for several applications such as 

structural components in aerospace, automotive, and chemical industries [1,2].   

The goal of this project was to establish source(s) and root cause(s) of pore formation during electron 

beam-based directed energy deposition.  This was done by first conducting and extensive literature 

review to determine possible sources and causes of porosity.  Once these were identified, a design of 

experiment was created to test the potential sources and causes that were expected to have the greatest 
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impact on porosity.  After experimentation, optical microscopy (OM), scanning electron microscopy 

(SEM), and x-ray computed tomography (x-ray CT) were used to evaluate size, location and morphology 

of pores.  Stereology and analysis of variance (ANOVA) statistical methods were applied to improve the 

understanding between pore characteristics and the experimental independent variables.  Finally, a 

theoretical model for pore formation was developed and used to compare to the results from OM, SEM, 

and X-ray CT.  
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Chapter 2: Literature Review and Experimental Background 

Additive Manufacturing 

Additive Manufacturing (AM), as defined by ASTM International, is a process of joining 

materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive 

methodologies [4].  Additionally, as AM technology developed, more new systems were developed, 

causing confusion when communicating information for education or development purposes.  To 

simplify, ASTM International separated the processes into seven categories, combining systems with 

similar processing methods to create a standard terminology for AM process categories [4].  The 

categories are listed in Table 1 along with additional information including common materials used, 

process specifications, applications, and other important information [1-4].   

 

Metal AM 

Metal AM capabilities have been developed to offer promising manufacturing technology to 

produce parts with improved performance over other traditional manufacturing methods [1,2].  As you 

can see from Table 1, AM of metal components can be done using DED, material extrusion, PBF, or 

sheet lamination process methods, although DED and PBF are most commonly used and studied.  Both 

DED and PBF processes use either a laser or electron beam (or possibly and less common, a plasma arc) 

as their energy source.     

AM may offer several benefits over traditional manufacturing techniques, but still has many 

barriers to overcome before it can be considered a feasible processing method [1,3].  These barriers 
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include, but are not limited to, high costs of materials and processing, lack of process knowledge and 

understanding, and limits in available materials and characterization capabilities [1-4]. Given all the 

possible alloy combinations, only a small fraction of these metals can be processed using AM [1].  

Common metals used in metal AM include titanium alloys, aluminum alloys, stainless steels, and nickel 

superalloys [1,2].     

 

 

 

 

Table 1: Table of AM process categories [1-4] 

Process 

Category 

Material 

Systems 
Energy Source Process Strengths and Weaknesses 

Binder Jetting 
Polymer, metal, or 

ceramic powder 
Thermal Energy 

Wide range for material selection 

Implement full color prints 

High porosities- requires infiltration 

Directed 

Energy 

Deposition 

(DED) 

Metal powder Laser or e- Beam 

Requires post process machining 
Functionally graded materials 

Repair damaged parts 

Material 

Extrusion 

Thermalplastics, 

ceramic slurries, or 

metal paste 

Thermal Energy 

Low cost for machine 
Multi-material capabilities 

Low resolution and poor surface finish 

Material Jetting 
Photopolymer or 

wax 
Thermal Energy 

Multi-material printing 
Low-strength in final part 

High surface finish 

Powder Bed 

Fusion (PBF) 

Polymer or metal 
powder 

Laser or e- Beam  

High resolution, strength, and stiffness 

Fully dense parts 

Support and anchor structures 

Sheet 

Lamination 

Plastic film or 
metal sheet 

Laser Beam 
Low cost for machine, materials and process 

High surface finish 

Vat 

Polymerization 

Photopolymer or 
ceramic 

UV Laser 

Rapid build rate 
High cost of materials 

Good part resolution 
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Electron Beam Directed Energy Deposition 

An electron beam is formed by passing a current through a filament to generate electrons.  Once the 

electrons are ejected from the filament, electrostatic forces accelerate them to 50% - 80% of the speed of 

light.  Due to the nature of electrons, charged particles with extremely low mass, they can be easily 

manipulated by electrostatic lenses and focused into a beam.  The beam can be further influenced to form 

various raster patterns at oscillations up to 200 kHz, although 500Hz-2 kHz is a commonly used range.  

The layout for generating and manipulating an electron beam is shown in Figure 1.  To prevent scattering 

from collisions with gas molecules, the electron beam is generated in a vacuum environment [3,5]. 

 

 

Figure 1: Schematic of electron beam process chamber reproduced from [5] 
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As the high velocity electrons hit the metal surface, they are rapidly decelerated and their kinetic 

energy is converted into thermal energy.  The electron beam has a high energy density due to the high 

efficiency of the energy transformation process.  The high energy input allows for higher deposition rates 

compared to lower energy laser processing.  This leads to issues with vaporization and evaporation losses 

of materials with low vapor pressures.  The vaporization issue is addressed by generating a raster pattern, 

which essentially defocuses the beam and decreases the energy density.  Since the electrons are easily 

controlled through the electrostatic lenses, nearly any raster pattern can be generated.  Common raster 

patterns can be seen in Figure 2 and include a circle, figure eight, and arrowhead [3,5].  Due to the 

simplicity of a circle in terms of generation and calculating energy density, raster pattern B from Figure 

2, is most commonly used [3]. 

 

 

Figure 2: Common electron beam raster patterns and penetration profiles reproduced from [3] 
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Titanium and its Alloys 

Metals like titanium, are of the exothermic occluding type and characteristically form hydrides 

when the total amount of hydrogen in the system exceeds the solubility limit of the material.  Initially, 

hydrogen entering the system will be absorbed in solid-solution, leaving a single-phase metal.  The level 

of hydrogen content at the onset of hydride formation is taken as the solubility limit of the metal.  This is 

where the system departs from a single phase, solid-solution state and becomes a two-phase alloy 

including a hydride phase [7,8].  Figure 3 shows the three different phases (alpha, beta, and gamma) in 

the titanium-hydrogen equilibrium phase diagram at standard pressure [9].  Alpha phase has a maximum 

hydrogen solubility of 7.9 atomic percent at the eutectoid temperature of 319˚C.  The maximum hydrogen 

solubility in the beta phase is 49 atomic percent and occurs at 640˚C.  Finally, the gamma phase, or 

hydride phase, exists over the TiH – TiH2 region of the phase diagram [7-9].   

The differences in solubility limits between alpha and beta phase can be attributed to their 

different crystal structures.  Hydrogen can exist in the system as a proton or as an atom, with a radius of 

0.41Å, located in an interstitial site.  Alpha phase has a hexagonal closed packed (HCP) crystal structure 

with two interstitial sites, tetrahedral and octahedral, as seen in Figure 4a and 4b.  The tetrahedral and 

octahedral interstices can accommodate atoms with radii of 0.315Å and 0.59Å, respectively.  This 

indicates that a majority of interstitial hydrogen atoms in alpha titanium occupy the larger octahedral 

sites, since they are unlikely to fit into the smaller tetrahedral interstices.  Beta phase has a body centered 

cubic (BCC) crystal structure with a tetrahedral interstice, Figure 4c.  The beta phase tetrahedral interstice 

can hold an atom with a radius of 0.44Å, slightly larger than the radius of a hydrogen atom.  The close 
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match in size between the interstice site and hydrogen atom radius explains the higher hydrogen solubility 

in the beta phase compared to alpha phase [6].   

Figure 5 shows the effect of the equilibrium hydrogen pressure on its solubility in titanium at 

various temperatures [9].  This indicates an increase in hydrogen solubility with increasing equilibrium 

pressure, most noticeable in the beta phase.  Additionally, as the equilibrium pressure surrounding the 

titanium increases, the hydrogen concentration in the metal increases as well.   

The solubility of hydrogen in Ti-6Al-4V will differ from CP-Ti due to different amounts of 

phases present [7-9].  As previously mentioned, beta phase has a higher hydrogen solubility than alpha 

phase, so increasing the amount of beta phase present will increase the solubility.  Alloying with beta 

stabilizers, such as Mo, Cr, V, Mn, and Fe, will lower the beta transus, increase the amount of beta phase 

present and therefore increase the overall hydrogen solubility compared to unalloyed titanium.  Additions 

of molybdenum have a greater effect on hydrogen solubility compared to alloying with other beta 

stabilizers.  Additions of alpha stabilizers, such as Al, Zr, and Sn, increase the stability of the alpha 

phase.  Aluminum is most commonly used in titanium alloys and is found to have a significant effect on 

the solubility of hydrogen in titanium.  At low temperatures, aluminum additions increase hydrogen 

solubility, but at high temperatures, aluminum additions decrease hydrogen solubility.  Aluminum 

additions strain the HCP lattice of titanium, decreasing the ‘a’ and ‘c’ lattice parameters as well as the 

size of the octahedral interstice in the alpha phase.  The decreasing size of the octahedral interstice creates 

a better fit for a hydrogen atom and is most likely the reason for the increase in hydrogen solubility with 

the addition of aluminum at low temperatures.  Paton et al. noticed that hydride nucleation was difficult 

in samples with higher aluminum contents and concluded that aluminum additions suppress hydride 
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formation [6].  This agrees with the increase in hydrogen solubility at low temperatures with the addition 

of aluminum.  As aluminum is added, the hydrogen solubility limit will increase, leaving less 

supersaturated hydrogen available for hydride formation. 
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Figure 3: H-Ti phase diagram reproduced from [7] 
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a) 

 

b) 

 

c) 

 

 

Figure 4: Crystal structure (gray) and interstices (orange) for HCP octahedral interstice (a), 

HCP tetrahedral interstice (b), and BCC octahedral interstice (c) reproduced from [7].  
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Figure 5: Effect of hydrogen partial pressure on hydrogen solubility reproduced by [7]  
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Wire Contamination 

A previous experiment by Martukanitz et al. investigated sources of porosity in gas metal arc 

welding of aluminum, and the physical components of the system were evaluated.  The results from this 

study showed that the largest influence on porosity came from the filler material that was used [10].  In 

another experiment, from the Applied Research Laboratory, four different wires were evaluated for 

quality based on the amounts of porosity produced.  It was found that each of the four wires that were 

evaluated generated different amounts of porosity, indicating that there may be a difference in wire 

quality between different manufacturers [11].  The contamination of the wire could stem from two 

potential sources, impurities on the surface of the wire or impurities within the bulk of the wire.  No 

initial analysis was reported for either experiment, so there is no way of determining whether the porosity 

was formed from contaminants on the surface of the wire, from bulk of the wire, or both [10,11]     

Molybdenum disulfide (MoS2) is used as a dry lubricant on the wire during the drawing process.  

Previous experiments have investigated the effects of interstitial element contamination in dry lubricants 

[12,13].  In these reports, SEM data showed the presence of contaminants in the materials processed with 

dry lubricants [12].  Molybdenum has a high polarization influence on easily polarized sulfur atoms, 

which causes the sulfur atoms to form dipoles.  As MoS2 crystallizes, a layered structure is formed with 

weak bonds between the strongly bonded layers.  Layered structures with weak bonding forces is a 

characteristic of all dry lubricants.  The lubricating mechanism comes from the small shear forces 

required to break the weak bonds between the layers of the structure.  Figure 6 is a representation of the 

layer crystal structure that is formed from molybdenum and sulfur [13]. 
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Figure 6: MoS2 layered crystal structure reproduced from [13] 
 

 

Due to the high polarity of the sulfur atoms, MoS2 easily absorbs water molecules depending on 

the amount of moisture present from humidity.  The water molecules will form hydrogen bonds and fit 

into the space between the layers of MoS2 [12,13].  The wires are typically cleaned with acetone after the 

drawing process to remove contaminants, but there still may be traces of MoS2 or other contaminants.  If 

MoS2 is still present on the wire after cleaning, it is possible that moisture is present on the wire as well.  

The presence of moisture on the surface of the wire is an obvious source of hydrogen entering the system. 

Baseplate Contamination 

From the previously mentioned porosity study conducted by Martukanitz et al., the base metal 

was found to have less of influence on porosity, but still had an effect of approximately 5-10% compared 
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to the 90% influence of the filler material [10].  Similar to the potential sources of hydrogen in the wire, 

sources in the base metal could be due to contaminants on the surface or in the bulk of the material.   

A pre-deposit melting pass is common in the Sciaky EB-DED process.  This pass de-focuses the 

beam and is intended to heat up and remove contaminants from the deposit surface of the base plate.  By 

removing surface contaminants through the pre-deposit melting pass, it is expected that less porosity 

would be produced as compared to deposits on as-received base plates.  The experiment conducted by the 

Applied Research Laboratory, evaluated a direct comparison between single pass deposits on as-received 

base plates to single pass deposits on pre-deposit melting pass base plates.  Observations of this 

comparison showed that all four wires evaluated in this experiment produced less porosity in the single 

pass pre-deposit melt pass condition [11].    

Atmospheric Contamination 

The final potential physical source of hydrogen within the system is identified as the presence of 

hydrogen in the atmosphere.  Martukanitz et al. evaluated gas metal arc welding, where hydrogen in the 

welding arc was identified as a potential source of hydrogen entering the system [10].  The results 

determined that hydrogen in the welding arc had the smallest influence on porosity, on the order of 0.01-

0.015%.  This effect is small relative to the approximately 90% influence from the wire and 5-10% 

influence from the base metal.  As mentioned before, the EB-DED process is conducted under high 

vacuum to avoid electron scattering due to collisions with molecules in the air.  Since the molecules in the 

air are at a minimum, this indicates a similar influence on porosity from atmospheric contamination as the 

gas metal arc welding experiment [14,15].   
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Back streaming contamination is a common problem among vacuum pumping systems and 

occurs when the diffusion oil travels in the opposite direction of the intended flow.  This causes the 

pumping oil to enter the vacuum chamber, since the fluid in the pump has a higher potential of becoming 

entrapped and pulled into the chamber due to differences in pressure.  The introduction of hydrocarbons 

from oil back streaming creates a potential source of contamination in the system.  Back streaming is 

likely to occur in a system when the vacuum pump becomes too hot as a result of low or no coolant, high 

coolant temperatures, or leaks in the pump or system [16,17].  The best solution to negate back streaming 

is to incorporate a sub-refrigerated cold trap into the system between the diffusion pump and the vacuum 

chamber.  The trap condenses the hydrocarbon vapor and collects it before it can reach the chamber, 

reducing but not eliminating back streaming contamination [17].   

Aluminum Vaporization 

In an experiment conducted by Chen et al., an unusual pore morphology was identified from 

electron beam-based DED processing of Ti-6Al-4V [18].  The new pore morphology has a near-spherical 

shape with a ripped inner surface and a similar size to the typical gas induced spherical porosity.  This 

unique surface profile is argued to be formed from aluminum vapor becoming trapped in the melt during 

solidification.  Due to the different inner pore surfaces, the formation mechanism for smooth surfaces and 

ripped surfaces must be different.  However, since the gas induced pores and ripped inner surface pores 

have a similar size and shape, there may be a connection between the two types of pores [18].   
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a)                                                                   b) 

 

Figure 7: SEM images of a smooth spherical pore (a) and spherical pore with a ripped inner 

surface (b)   
 

Energy dispersive spectroscopy (EDS) was used to characterize the composition of the pores at the 

inner surfaces and the deposition zone next to the pore.  Using an average of multiple probes, it was 

found that the aluminum composition dropped from 5.92% in the base material near the pore to 3.8% on 

the inner surface of the pore.  The decrease in aluminum content on the inner surface of the new pores 

suggests that the ripped surface could be the result of an evaporation process [18].  Using Equation 1, the 

vapor pressure of aluminum is calculated to be approximately three orders of magnitude higher than 

titanium and vanadium in the melt [19].   

log(𝑃[𝑎𝑡𝑚]) = 𝐴 + 
𝐵

𝑇
+ 𝐶 ∗ log (𝑇)   (1) 

where the material constants A, B, and C for aluminum, titanium and vanadium are listed in Table 1 and 

T is in Kelvin. 
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Element A B C 

Aluminum 5.911 -16211 -0.7927 

Titanium 6.358 -22747 -1.3376 

Vanadium 6.929 -25011 -0.5501 

 

This suggests that the evaporation of aluminum could be the cause of the formation of the pores with 

a ripped inner surface.  Figure 6 shows the vapor pressures for aluminum, titanium, and vanadium over 

the range of 1000 K to 2400 K [19].   

 

 

Figure 8: Vapor pressure of titanium, aluminum, and vanadium as a function of temperature  
 

 

Table 2: Material constants for Al, Ti, and V [19] 
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Line energy is defined as the energy input divided by the scan speed of the process.  For EB-DED, 

the line energy can be calculated using Equation 2 [20]. 

 

Line Energy =
(Beam Current ×Voltage)

Scan Speed
  (2) 

 

Line energy can be split into two main categories for evaluation, energy input and scan speed.  Figure 9 

represents two plots showing the effect of scan speed and beam current on final part density [20].  The 

line drawn across both plots signifies the theoretical density for Ti-6Al-4V.   Slower scan speeds produce 

the highest densities, and the density decreases as the scan speed increases.  Scan speeds lower than 5 m/s 

with a beam current of 15 mA yield densities greater than the theoretical density for Ti-6Al-4V, which is 

likely due to evaporation losses of aluminum.  As the beam current increases the density increases, given 

a constant scan speed of 6 m/s.  Beam currents greater than 25 mA produced part densities greater than 

the theoretical density, which is likely due to evaporation losses of aluminum.  Based on Equation 1, high 

line energies can be created from either a low scan speed, high beam current, or both.  In both cases, low 

scan speed and high beam currents, densities higher than the theoretical are produced due to evaporation 

losses of aluminum.  This should not be confused with a higher density part due to lower amounts of 

porosity [20]. 
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                                       a)                                                                                   b)  

 

Figure 9: Effect of scan speed (a) and beam current (b) on part density reproduced from [15] 
 

 

The energy input for an EB-DED process is determined by multiplying the current of the beam by 

the accelerating voltage applied to the freed electron [20].  In an electron beam AM process, typical 

values for the current and voltage are on the order of 235 mA and 40 kV, respectively.  These values 

would generate an energy or power input of 9.4 kW.  This energy input is very high compared to laser-

based AM processes, which typically use energy inputs between 200 W and 2 kW.  The high energy 

input of the electron beam process creates issues due to evaporation of low vapor pressure alloying 

elements.  As the energy input increases, the evaporation losses increase at an exponential rate [15,20]. 

Process Parameters 

Controlling the process parameters can influence the lifetime of the melt pool, which has an effect of 

the degree of porosity formed [21].  This can be explained by classical bubble nucleation theory, where 

occurrence of porosity can be broken down into three steps: bubble formation, growth, and escape.  
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Different beam scan speeds can alter the amount of porosity produced based on this three-step process.  

Bubble formation, or nucleation, requires the establishment of a liquid-gas interface, which leads to an 

increase in free energy within the system.  Given a high concentration of hydrogen, homogenous 

nucleation is likely to occur at the center of the melt pool.  Heterogeneous nucleation is likely to form at 

the liquid-solid interface, where the interface provides a surface for nucleation to occur.  As the 

nucleation of hydrogen gas bubbles continues, the concentration of hydrogen in the liquid around the 

bubble decreases and creates a composition gradient.  The generated gradient drives diffusion from 

hydrogen rich regions in the melt towards the bubble and promotes bubble growth.  If the conditions 

allow, the bubble continues to grow as it floats in the melt pool and eventually escapes.  In order for this 

to happen, the liquid metal must have high fluidity and low pressure for the bubble to float to the surface.  

Although, the bubble may still become trapped if the surface of the melt solidifies before the bubble has 

enough time to escape [22].  Mohandas et al. evaluated the effect of scan speed on the amount of porosity 

[20].  Porosity was observed to be at a minimum for high and low scan speeds, and at a maximum for 

intermediate scan speeds.  At high scan speeds, the lifetime of the melt pool is short and the temperature 

of the melt is low compared to slow and intermediate scan speeds.  These conditions are unfavorable for 

bubble nucleation and therefore porosity has a low tendency to form during high scan speeds.  At low 

scan speeds, the melt pool will have a long lifetime and reach a high temperature relative to a high scan 

speed.  This allows sufficient time and ideal melt pool conditions to allow bubble nucleation, growth, and 

escape, limiting porosity formation during low scan speeds.  At intermediate scan speeds, the conditions 
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allow bubble nucleation and growth, but are not sufficient enough for the bubble to escape.  Figure 10 

shows the relationship between the beam scan speed and porosity formation in the deposit [20]. 

 

 

Figure 10: Effect of scan speed on porosity reproduced from [20] 
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Chapter 3: Experimental Procedure 

The goal of this experiment was to evaluate the effect of potential sources of porosity on the degree of 

porosity.  Potential sources of porosity were identified during the literature review and were then related 

to variables in the process.  The first section of this chapter describes the experimental variables that were 

selected and their expected effect on porosity.  Next, a full factorial design of experiment (DOE) was 

selected to include all of the run combinations, as well as additional replication runs.  Each combination 

of variables was only run once (or twice for replication runs), so large samples were built so that multiple 

samples could be cut from each build to increase the amount of available data.  

 

Experimental Variables  

Wire Alloy – Aluminum Content 

The first experimental variable of interest is the effect of aluminum content on the degree of 

porosity.  The combination of high energy density from the electron beam and low vapor pressure of 

aluminum, suggests that aluminum is easily vaporized during this process.  The vaporized aluminum 

bubbles in the liquid metal could become trapped during solidification resulting in porosity.  These pores 

are expected to have a spherical morphology, typical of gas evolution, but may have a rough inner surface 

as suggested by Chen et al. [18].  To determine the potential effect of aluminum content on the degree of 

porosity, filler wires with different aluminum contents were selected.  Ti-6Al-4V was the initial material 

of interest for this study, and the 6% aluminum content in this alloy was compared to no aluminum 
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content in CP-Ti.  Given this information, it is expected that Ti-6Al-4V will produce higher levels of 

porosity due to the vaporization of aluminum.   

Wire Quality – Hydrogen in the System 

The next experimental variable of interest is the wire quality, specifically the level of 

contamination from H, S, F, and N.  When considering an AM system, there are three main components 

to consider as potential sources of contamination; the deposit material, baseplate, and atmosphere.  

Results from Martukanitz et al. indicate that a majority of the porosity formed during welding aluminum 

resulted from contamination associated with the filler wire.  In addition to this, the wire drawing 

lubricant, MoS2, has a high polarity and easily absorbs moisture which may be a source of contamination 

into the system.  Observing Mo or S on the surface of the wire may indicate residual drawing lubricant 

which could be acting as a source of hydrogen into the system.  Furthermore, the solubility of hydrogen 

in titanium indicates that hydrogen may be rejected upon solidification, resulting in pores.  Using the 

Inert Gas Fusion vacuum hot extraction (VHE) technique, hydrogen can be detected in the bulk of the 

sample down to 1 ppb H.   

In order to test the effect of wire quality on the degree of porosity, at least two different wire 

qualities must be evaluated for each alloy.  For this experiment, the relative qualities of the wire were of 

interest, not just the level of sulfur or hydrogen contamination, so surface and bulk chemical analyses 

were conducted.  The XPS, SEM and EDS techniques were used to evaluated S, F, and N on the surface 

of the wire, and VHE methods were used to evaluate H, N, and S within the bulk of the wire.  The results 

of the characterization techniques on all four wires used are reported in Table 3.  For the CP-Ti wires, it is 
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clear from the surface and bulk results that Wire D has lower levels of overall contamination compared to 

CP-titanium Wire E.  When comparing the Ti-6Al-4V wires, there is no obvious wire with higher levels 

of contamination, even when just looking at the surface or bulk results.  Since the quality of Wire B and 

C was difficult to rank, the level of hydrogen contamination was chosen to represent the wire qualities 

due to its possible influence on pore formation.   

Filler Material XPS: Surface VHE: Bulk 

Alloy Wire ID S F N H N S 

Ti-6Al-4V Wire B 1  ±  0.1 at % 1  ±  0.4 at % 2  ±  0.5 at % 15.6 ppm 70 ppm < 5 ppm 

Ti-6Al-4V Wire C 0 0 3  ±  0.7 at % 19.6 ppm 54 ppm < 5 ppm 

CP-Ti Wire D 0.3  ±  0.2 at % 0 2.9  ±  1.9 at % 14.4 ppm 50 ppm < 5 ppm 

CP-Ti Wire E 0.7  ±  0.1 at % 0 6.7  ±  0.3 at % 32.4 ppm 50 ppm < 5 ppm 

 

In addition to the quantitative results from the XPS and VHE methods, qualitative results on the 

surface topography and chemical composition maps were obtained from SEM and EDS.  Since wires with 

a greater surface roughness may be more difficult to clean, surface roughness may impact the level of 

residual contaminants.  The SEM and EDS techniques were used to determine surface roughness of the 

wire and identify possible contaminates present on the wire surface.  Figure 11a shows an SEM 

micrograph with 3 corresponding EDS composition maps at increasing magnification (Figure 11b-d).  

The SEM results show that the wire surface appears smooth, with no cracks, voids, or other rough 

features.  The EDS composition map results shows a near uniform distribution of sulfur in Figure 11b, 

          Table 3: Wire surface and bulk chemical analysis 
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but it is clear in Figure 11c and 11d that sulfur is present on the wire surface in clusters.   Alone these 

sulfur clusters are of interest, but they could also suggest residual MoS2 on the wire surface resulting in 

possible moisture or other contaminants entering the system.  

 

 

Figure 11: SEM micrograph (a) and EDS images of sulfur clusters on the surface of wire (b-d) 
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Process Parameter – CLC vs Fixed 

 The melt pool lifetime affects the extent of porosity formation, which in turn determines the 

degree of porosity.  Intermediate melt pool lifetimes favor a higher degree of porosity compared to 

shorter or longer melt pool lifetimes.  An easy way to manipulate the melt pool characteristics (e.g. size, 

lifetime, T, etc.) is by altering the process parameters that influence the energy density of the beam.  This 

can be done effectively by applying a CLC feature that can alter process parameters based on a response 

during the process.  The CLC feature used in this experiment incorporates a dynamic raster to control the 

energy density of the beam to maintain a consistent melt pool size.  This parameter setting was tested 

against a fixed parameter setting, where the initial process parameters in Table 4 were used throughout 

the entire deposition process.  The CLC feature is expected to produce lower levels of porosity compared 

to the fixed parameter settings.   

 

 

 

 

 

 

 

 

 

 

Table 4: Initial Process Parameters 

Vacuum Level 20-50 µTorr 

Accelerating Voltage 40 kV 

Beam Current 235 mA 

Scan Speed 30 in/min 

Wire Feed Rate 127.3 in/min (1/8” dia.) 

Raster 9 ring pattern at 600 Hz 
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Design of Experiment 

2-level Full Factorial with Replications 

There were several potential variables to select from the literature review, so three variables were 

selected to be evaluated using a 2-level full factorial experiment.  The variables were selected based on 

their expected impact on porosity, where the two levels of the variable would have the greatest difference 

in porosity.  The experimental design of a two-level factorial experiment with three variables would have 

8 runs, but 4 replication runs were added for repeatability.  Table 5 shows the run numbers for a given 

combination of wire alloy, wire quality, and process parameter settings used.  The samples are split into 

groups of three with the same wire alloy and wire quality, but with different processing parameters.  Each 

set of three has one run with fixed parameters and two runs with a closed loop control function.  The 

experiment was not completely random due to the long pump-down time.  As a result, all three builds for 

each wire were run consecutively and then the wire was swapped for the next three runs.   
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Run Filler Wire Alloy Alloy Quality Process 

Number Ti-6Al-4V or CP-Ti 
Hydrogen 

Contamination 

CLC with Dynamic Raster  

vs. Fixed Parameters 

1 Ti-6Al-4V 15.6 ppm  (low) Fixed 

2 Ti-6Al-4V 15.6 ppm  (low) CLC 

3 Ti-6Al-4V 15.6 ppm  (low) CLC 

4 Ti-6Al-4V 19.6 ppm  (high) CLC 

5 Ti-6Al-4V 19.6 ppm  (high) Fixed 

6 Ti-6Al-4V 19.6 ppm  (high) CLC 

7 CP-Ti 32.4 ppm  (high) CLC 

8 CP-Ti 32.4 ppm  (high) CLC 

9 CP-Ti 32.4 ppm  (high) Fixed 

10 CP-Ti 14.4 ppm  (low) CLC 

11 CP-Ti 14.4 ppm  (low) Fixed 

12 CP-Ti 14.4 ppm  (low) CLC 

 

 

 

 

 

 

 

 

Table 5: Experiment Run Matrix 
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Build Geometry 

To maintain simplicity within this experiment, a simple build geometry was designed and is 

represented in Figure 12.  The initial build dimensions were designed to be 4 inches long by 1 inch wide 

by 2 inches in height.  During deposition, the geometry was slightly altered to accommodate the selected 

build plan of 17 layers with 3 passes per layer and each pass was 5 inches in length.  The new dimensions 

became approximately 5 inches long by 1.5 inches wide by 2.5 inches in height.  

      

Figure 12: Initial build design (a) and final part geometry (b) 
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Chapter 4: Pore Characterization 

Metallography 

Optical Microscopy (OM) of cross sections is a useful technique for evaluating porosity, providing 

information on pore size and location in the sample, but it is limited to 2D.  The deposits were 

prepared for OM by first cutting cross sections from the deposits along the scan direction to produce 

five sections from each sample.  Figure 13a represents the full build before the sample was sectioned 

and Figure 13b represents the full build after it was sectioned.  0.5 inches were removed from the end 

of each build to eliminate unwanted end effects due to differences in initial and final scan speeds and 

energy input.    

Since the samples were only cut into five sections to represent the entire part, there is statistical 

error involved with the microscopy analysis.  To minimize the error, each sample was sectioned at a 

random distance along the build direction.  The random distances were generated with MATLAB and 

are listed next to each sample and its corresponding surface in the Appendix.  In Figure 13, the build 

direction moves from right to left on the sample.  After discarding the ends of the sample, the first 

section on the right side was identified as Sample A.  The next four samples were labeled as Sample B, 

C, D and E, respectively, moving from right to left.  With respect to Figure 13, the right surface of 

each sectioned sample was chosen to be evaluated.  

Once all of the samples were sectioned, the faces of interest were identified and then the samples 

were mounted in an epoxy cold mount.  The samples were ground and polished by hand to prepare 

them for optical microscopy.  The grinding process started with 60 grit sand paper and progressed 
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through 120, 240, 320, 400, 500, 800, 1000, 1200, and 2400 grit.  The protocol for grinding started 

with the sample in an initial orientation, then after 100 oscillations the sample was rotated 90°.  This 

process was repeated until the sample was ground for 100 oscillations in four different orientations.  

After the grinding process was complete, the samples were polished using a 1 µm diamond suspension 

polishing solution until the scratches were removed for optical microscopy. 
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Figure 13: Final build before (a) and after (b) sectioning 
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Optical Microscopy 

OM Scanning Procedure 

The samples were viewed at 50x magnification and scanned for porosity following the process shown 

in Figure 14.  As a pore was encountered, its diameter was measured and tabulated into defined size class 

ranges shown in Table 6.  Figure 14b and 14c show where the interface region and deposit of the samples 

were separated.  

 

 

Figure 14: OM scanning procedure (a) and separation of the deposit and interface regions (b 

and c) 
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Interface Deposit 

Size Class (µm) Round Faceted Elongated Round Faceted Elongated 

0-49       
50-99       

100-149       
150-199       
200-249       
250-299       
300-349       
350-400       

>400       
 

In addition to size and location, different pore morphologies were observed. Three different pore 

morphologies were observed and each are represented by the micrographs in Figure 15.  Figure 15a and 

16b shows typical spherical pores observed in Ti-6Al-4V.  Only 6 total counts of observed porosity in 

CP-Ti; all were less than 150 µm and located at the interface.  Figure 15c and 15d are of elongated or lack 

of fusion pores observed in CP-Ti and Ti-6Al-4V samples.  Elongated pores have large length to width 

ratio in the observed two dimensions and likely elongates in the third dimension as well (into the page).  

These are all likely to be lack of fusion pores (LOF), since they are located between the 3 passes in the 

layers.  A final pore type, shown in Figure 15e and 15f, was identified and referred to as faceted pores.  

These pores do not have a smooth spherical or elongated LOF shape but are equiaxed with rough edges.  

It is important to note the uncertainty of the depth of all observed pores, since OM is limited to 2D.  In 

addition to this, LOF porosity was not of interest for this study, so it was tabulated but not included any 

further in this report. 

Table 6: OM pore characterization table 
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Figure 15: Micrographs showing typical spherical (a and b), elongated or LOF (c and d), 
and faceted (e and f) 
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OM Results  

One of the samples evaluated was Sample 1C, deposited with the relatively lower hydrogen content 

(15.6 ppm H) Ti-6Al-4V alloy filler wire.  Table 7 lists the results for the size, location, and 

morphology of the pores observed in Sample 1C.  The scanned surface of the sample contained 15 

spherical pores, 16 faceted pores, and 1 elongated pore all of varying sizes between 20 and >400 µm.  

Figure 16a is a macrograph of the scanned surface, where large pores were identified in the interface 

region and the first few layers of the deposit.  Figures 16b-d are micrographs including spherical 

pores and lack of fusion pores located in and near the interface region.   

 

 

Table 7: Sample 1C Raw OM data 

  Interface Deposit 

Size Class (µm) Round  Faceted  Elongated Round Faceted Elongated 

20-49   2  0  0  0  12  0 

50-99  3  0  0  2  2  0 

100-149  2  0  0  1  2  0 

150-199  2  0  0  0  0  1 

200-249  0  0  0  1  0  0 

250-299  1  0  0  0  0  0 

300-349  0  0  0  0  0  0 

350-400  0  0  0  0  0  0 

>400  1  0  0  0  0  0 
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Figure 16: Macrograph of Sample 1C interface (a) with micrographs of observed pores (b 

– d) 
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Figure 17: Total counts of spherical and faceted porosity in Sample 1C 
 

Another sample evaluated was Sample 11B, deposited with the relatively higher hydrogen 

content (19.6 ppm H) CP-Ti filler wire.  Table 8 includes the results for the size, location, and 

morphology of the pores observed in Sample 11B.  The scanned surface of the sample contained 2 

spherical pores, 55 faceted pores, and 8 elongated pores all of varying sizes between 20 and >400 

µm.  This is significantly less spherical porosity and more faceted and elongated than Sample 11B.  

Figure 17a is a macrograph of the scanned surface, with all three pore types observed in the interface 

region.  Figures 17b-d are micrographs of the observed pores near the interface.   
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  Interface Deposit 
Size Class 

(µm) Round  Faceted  Elongated Round Faceted Elongated 

0-49  1 7  0 0 12  0 
50-99  1  5  0 0 7  1 

100-149  0 2  0  0  5  3 
150-199  0  1  0  0  4  2 
200-249  0  0  0  0  4  0 
250-299  0  0  0  0  0  0 
300-349  0  0  0  0  4  0 
350-400  0  0  0  0  2  0 

>400  0  0  1  0  2  1 
 

 
 

Figure 18: Macrograph of Sample 11B interface (a) with micrographs of observed pores (b – 

d) 

Table 8: Sample 11B Raw OM data 
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Figure 19: Total counts of spherical and faceted porosity in Sample 11B 
 

 

Summary of OM Results 

This pore characterization process was carried out for all samples and the results are reported in 

the Appendix.  A few observations could be made from comparing the porosity data.  To start, both Ti-

6Al-4V and CP-Ti data sets all have a skewed distribution which can be observed in Figure 17 and 19.  In 

addition, Ti-6Al-4V samples have less total counts of porosity (spherical and faceted) compared to CP-

Ti.  A majority of CP-Ti’s porosity is associated with faceted pores, where only 6 total counts of 

spherical pores were observed in all 30 of the CP-Ti samples.  In addition to this, it is important to point 

out that all spherical pores identified in CP-Ti were observed at the interface.  This is important since all 

samples were deposited on Ti-6Al-4V baseplates, so the interface region of the CP-Ti samples are 

expected to contain small amounts of aluminum (< 6%) and vanadium (< 4%).  A majority of the porosity 
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observed in Ti-6Al-4V was faceted, but there is significantly more spherical porosity compared to the CP-

titanium samples.   

 Another notable observation is the relationship between filler wire hydrogen content and the 

degree of porosity.  The level of porosity was expected to increase as the hydrogen content of the filler 

wire increases.  The results show the opposite effect, where samples deposited using higher hydrogen 

content wire produced higher levels of porosity.  This can possibly be explained since the hydrogen 

content listed for each sample only accounts for the hydrogen contribution from the wire and no other 

potential sources such as the baseplate or the atmosphere.  As mentioned in the literature review, back 

streaming contamination is a common issue when continuously running oil diffusion vacuum pumps.  

Since the pumps were left running longer than usual at a lower efficiency, back streaming contamination 

is expected to increase the hydrogen contamination in the system.  This source of hydrogen was un-

accounted for and may affect the level of porosity.  

 

Stereology Correction Method 

General 2D to 3D Statistical Normalization 

 Optical microscopy is commonly used to characterize porosity since size, shape, and location of 

the pores can be obtained.  Similar to the process described above, polished sections of the material are 

scanned for pores which are classified based on their size, morphology, and location in the build.  This 

technique is attractive due to its simplicity, but the data acquired from this method is limited to two 

dimensions.  A simple way to generate three dimensional values from the OM data would be to convert 
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the observed circle radius directly to the pore radius to calculate the volume.  These calculated volumes 

are not accurate since this assumes that each observable pore was cut through the center, or maximum 

radius.  Typically, the diameter of the observed circles is not equal to the actual diameter of the pore, as 

seen in Figure 20.  The accuracy of the calculation can be improved by accounting for the location of the 

cut through the pore.  This is done using a stereology correction method, which considers the location of 

the cut within the pore and statistically normalizes the observed circle diameters to calculate a 3D size 

distribution [23-25].     

 

Figure 20: Pore class sizes (Di) and observed radius (ri) [25] 
 

Scheil-Saltykov Correction Method 

 The Scheil-Saltykov correction method is commonly used since it is a simplified stereology 

correction technique [23].  This method is applied to the experimental data since it allows the calculation 

of a real size distribution of pores from metallographic micro-sections.  In order to apply this stereology 

method, a few assumptions are made; the material of interest consists of spherical pores with various 
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diameters in a statistical arrangement in the volume.  Next, the maximum observed diameter (𝑛𝐴𝑚𝑎𝑥) is 

set to be equal to the theoretical maximum pore size (𝑛𝑉𝑚𝑎𝑥).  The observed circles are then separated 

into Ns size classes, starting with 0 and going to (Ns – 1).  The size classes will range from 0 to (𝑛𝐴𝑚𝑎𝑥) 

with a constant class interval width (∆).  A pore with class size i, can be observed as a circle in the 

categories between 1 and i, since the circle radius cannot exceed the actual pore radius, but may be 

smaller. 

 

Figure 21: Planar cross sections of pores of pores in size group j with observed 2D pore size i. 
 

 The first step in this correction method is to determine the number of circles of size class i per 

area:  

(𝑛𝐴𝑠𝑖 ) =  Σ𝑗=𝑖
𝑁𝑠−1  𝑛𝐴

𝑠𝑖,𝑗   (3) 

This can be done by summing the number of circles of size class i which result from pores of j size class 

(𝑛𝐴
𝑠𝑖,𝑗 ).  From Figure 21, circles of size class i have diameters between i*∆ and (i+1)*∆ when a pore of 

size class j is sectioned at a distance between hi,j and hi+1,j from the center of the pore.  The length from 

the center of the pore to the cut surface can occur on both sides of the pore, so (𝑛𝐴𝑚𝑎𝑥) can be represented 

by the following equation: 
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(𝑛𝐴
𝑠𝑖,𝑗 ) = 2 𝑛𝑉

𝑠𝑖,𝑗 (ℎ𝑖,𝑗 − ℎ𝑖+1,𝑗) (4) 

where hi,j and hi+1,j are geometrically calculated based on Figure 21, as follows:  

ℎ𝑖,𝑗 =  
∆

2
√(𝑗 + 1)2 − 𝑖2   (5) 

ℎ𝑖+1,𝑗 =  
∆

2
√(𝑗 + 1)2 − (𝑖 + 1)2 (6) 

To simplify the expression for (𝑛𝐴
𝑠𝑖,𝑗 ), a dimensionless value for the distance is defined as: 

𝐴𝑖𝑗 =  
2

∆
 (ℎ𝑖,𝑗 − ℎ𝑖+1,𝑗)  (7) 

 

Substituting Equations 4-7 into Equation 3 and re-arranging yields:  

(𝑛𝐴𝑠𝑖 ) = ∆ ∗ Σ𝑗=𝑖
𝑁𝑠−1

 𝑛𝑉
𝑠𝑗 𝐴𝑖𝑗 (8) 

The resulting set of equations is in the upper triangular matrix form, and therefore they can be solved 

recursively starting with the largest class size i:  

(𝑛𝐴𝑠𝑖 ) = ∆ ∗ (𝑛𝑉𝑠𝑖 𝐴𝑖𝑖 +  Σ𝑗=𝑖
=1

𝑁𝑠−1
 𝑛𝑉

𝑠𝑗 𝐴𝑖𝑗) (9) 

and the volumetric size distribution of the pores in the volume can be written as: 

(𝑛𝑉𝑠𝑖) =  
1

𝐴𝑖𝑖
(

𝑛𝐴𝑠𝑖

∆
− Σ𝑗=𝑖+1

𝑁𝑠−1
 𝑛𝑉

𝑠𝑗 ) (10) 

 The calculated size distribution is then converted to determine the number and total volume of 

pores for each size class within the volume of material.  Typically, porosity measurements are recorded in 

units of volume of pores per mass of material, and in this experiment the level of porosity is recorded as 
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milliliters of pores per 100 grams of Ti-6Al-4V or CP-Ti.  All equations in this section were reproduced 

from [23]. 

 

Sample Calculation 

The following is a sample stereology calculation from the data showing the steps for calculating 

the 3D size distribution of pores organized into a table.  First, the dimensions of the sample must be 

initially input, since the area of the micro-section and total volume of the sample are required for the 

calculation.  Next, the number of pores per area of the sample is calculated by dividing the number of 

pores corresponding to each class size by the area of interest for that sample.  Then, this value is 

statistically normalized by multiplying by the dimensionless quantity, Ai,j, to produce the total number of 

pores per volume.  With this, the total number of pores, total volume of pores, and ultimately the volume 

of porosity per mass of metal can then be determined.  Table 9 summarizes the stereology calculations 

described in this section. 

Class Size 

[µm] 

#Pores 

 

#Pores/Area 

[cm-2] 

#Pores/Volume 

[cm-3] 

#Pores 

 

Volume of Pores 

[cm3] 

Porosity 

[mL/100 g] 

0-49 10 0.539 34.085 1606.8 1.315E-05 1.011E-06 

50-99 13 0.700 62.669 2954.3 6.526E-04 9.232E-05 

100-149 6 0.323 17.762 837.4 8.563E-04 3.433E-05 

150-199 4 0.216 10.532 496.5 1.393E-03 3.313E-05 

200-249 2 0.108 2.302 108.5 6.471E-04 3.362E-06 

250-299 3 0.162 6.915 326.0 3.550E-03 5.541E-05 

300-349 2 0.108 5.678 267.7 4.811E-03 6.167E-05 

350-399 0 0.000 0.000 0.0 0.000E+00 0.000E+00 

>400 1 0.054 2.523 118.9 3.985E-03 2.269E-05 

 

Table 9. Sample calculation for the Scheil-Saltykov stereology correction method 
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Stereology Results 

The Scheil-Saltykov stereology conversion method was applied to all of the samples, and the 

results are summarized in Figure 22.  Note that the values reported for the CLC runs are an average since 

each had a replication run.  From the stereology conversion results, it is difficult to relate the 

experimental variables to the volume of porosity.  There is an expected effect on the degree of porosity 

based on aluminum content, hydrogen contamination, and pore location based on the OM results so, the 

individual effects from the experimental variables were evaluated to further understand the data. 

 

 

Figure 22: Stereology calculation results of total porosity levels (spherical and faceted) for 

each run combination 
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Stereology: Aluminum Content and Pore Morphology  

Figures 23 and 24 report the stereology results which are separated by alloy into Ti-6Al-4V and 

CP-Ti.  Comparing these two plots shows a greater amount of total porosity in CP-Ti samples compared 

to Ti-6Al-4V, which agrees with the OM results.  Furthermore, when this data is separated by pore 

morphology into spherical and faceted porosity, there is a greater amount of faceted porosity observed in 

the CP-Ti samples and greater amounts of spherical porosity observed in the Ti-6Al-4V samples.  This 

can be seen by comparing Figures 25 and 26 for spherical pores and Figures 27 and 28 for faceted pores, 

and also agrees with the results from OM.  This further supports that an alloying element, likely 

aluminum, plays a role in spherical pore formation.  This could be due directly to aluminum vaporization 

or the elements effect on the properties of titanium.  In addition, the stereology results also showed a 

decrease in porosity for samples deposited with higher hydrogen content wire. 
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Figure 23: Plot of total porosity in Ti-6Al-4V samples for each combination of hydrogen 

contamination and process setting 
 

 

Figure 24: Plot of total porosity in CP-Ti samples for each combination of hydrogen 

contamination and process setting 
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Figure 25: Plot of spherical porosity in Ti-6Al-4V samples for each combination of hydrogen 

contamination and process setting 
 

 

Figure 26: Plot of spherical porosity in CP-Ti samples for each combination of hydrogen 

contamination and process setting 
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Figure 27: Plot of spherical porosity in Ti-6Al-4V samples for each combination of hydrogen 

contamination and process setting 
 

 

Figure 28: Plot of spherical porosity in CP-Ti samples for each combination of hydrogen 

contamination and process setting 
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Analysis of Variance 

 An analysis of variance (ANOVA) was employed to further understand the relationship between 

the experimental variables and the degree of porosity.  This test was used to determine which independent 

variables have a statistically significant effect on the different pore characteristics.  The pore 

characteristics evaluated during the OM analysis allows the porosity data to be tested in the ANOVA 

based on pore size, morphology, and location.   The independent variables from the initial hypothesis 

(aluminum content, wire quality, and process parameters) were evaluated and found to have different 

effects at different locations in the build.  Additionally, data from other potential independent variables, 

including surface sulfur and fluorine content, bulk nitrogen content, starting vacuum levels, and change in 

vacuum levels.  All independent variables, or factors, tested were evaluated and removed based on an F-

Test with α = 0.10.  Finally, transformations were applied to the data to maintain the ANOVA model 

assumptions of a normal, independent distribution with a mean of zero and a standard deviation of σ2.   

ANOVA Results 

At the interface, there is only a significant effect from the aluminum content, where the Ti-6Al-

4V samples (higher aluminum content) produced more porosity compared to CP-Ti.  There is a 

significant effect from the aluminum content and the hydrogen content, or wire contamination, on the 

porosity in the deposit region of the samples.  The effect from the aluminum content is opposite of its 

effect at the interface, producing more pores in CP-Ti deposits compared to Ti-6Al-4V.  The effect from 

hydrogen content shows an increase in the level of porosity with a decrease of hydrogen content in the 
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wires used.  This is not the effect that was expected in the initial hypothesis but agrees with the results 

from OM and stereology.   

SEM and EDS 

 SEM and EDS characterization techniques were used to evaluate the identified spherical porosity 

on the surface of the sample.  Micrographs of the pores and their inner surfaces were obtained from SEM, 

then EDS was used to determine the chemical composition near the pore-metal interface.  The inner 

surface roughness of the pore was evaluated to check for spherical pores with a ripped inner surface, 

thought to be formed from vaporized aluminum [18].  Since aluminum vaporization is likely occurring 

during this process, the chemical composition near the interface may show differences in aluminum 

content.  The SEM micrographs of the pores in Figure 29a and 30a were typical of all the pores 

evaluated, containing a smooth inner surface.  The rough surface on the pore in Figure 30a is likely due to 

material smearing during the grinding stage of metallography.  The EDS chemical composition maps are 

listed in Figure 29 and 30, with the corresponding SEM micrographs.  In Figure 29a there appears to be a 

higher count of aluminum on the inner surface of the pore, compared to the surrounding metal.  It is 

possible that this is the result of an edge effect present due to the angle of the detector and depth of the 

pore.  This may be possible, but if so, there should be a similar effect observed for titanium, which 

appears to have less counts inside the pore.  The higher aluminum content on the inner pore surface could 

be a result of aluminum vapor becoming trapped upon solidification and then condensing to the inner 

surface of the pore.   
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Figure 29: Sample 1C: Ti-6Al-4V with low (15.6 ppm) H content SEM micrograph (a), and 

chemical composition map of Ti (b), Al (c), and V (d).  
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Figure 30: Sample 1C: Ti-6Al-4V with low (15.6 ppm) H content SEM micrograph (a), and 

chemical composition map of Ti (b), Al (c), and V (d). 
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SEM and EDS Summary 

The inner surface roughness and chemical composition at the gas-metal interface of the pore was 

evaluated using SEM and EDS.  SEM micrographs showed that all pores had a smooth inner surface, and 

no “ripped” or rough surfaces were identified.  The presence of pores with a rough inner surface was 

expected as a result of vaporized aluminum.  Although there were no spherical pores with a rough inner 

surface, it is still possible that vaporized aluminum may cause spherical porosity with a smooth surface.  

It should be noted that the pore in Figure 30 has a smooth inner surface, and the rough features are likely 

a result of smearing during grinding.  This was of interest due to the clusters of aluminum observed in the 

rough features of the pore, which could be a result of aluminum vaporization during processing.  It is 

more likely that the clusters of aluminum are counts of residual alumina, which was used during 

polishing.  The higher aluminum content on the inner pore surface could be a result of aluminum vapor 

becoming trapped upon solidification and then condensing to the inner surface of the pore.  It is possible 

that this is the result of an edge effect present due to the angle of the detector and depth of the pore.  If 

this were the case, there should be a similar effect observed for titanium, which appears to have less 

counts inside the pore.     

 

X-ray Computed Tomography 

X-ray Computed Tomography (X-ray CT) was used to identify and evaluate internal features and 

porosity.  This characterization technique can provide information on the 3D location and distribution of 

porosity, pore size, and pore morphology.  The effectiveness of this analysis is limited by the feature 
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resolution, which is a function of voxel size.  Two sections were scanned with a 20 µm voxel size, 

corresponding to a feature resolution of approximately 60 µm.  Sample 1A (Ti-6Al-4V, low hydrogen, 

and fixed process settings) and Sample 5C (Ti-6Al-4V, high hydrogen, and fixed process settings) were 

chosen at random to evaluate using X-ray CT.  Differences in pore location, distribution, and size were 

observed between both samples.   
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Figure 31: Sample 1A X-ray CT scan of top of deposit 
 

 

Figure 32: Sample 1A X-ray CT scan of interface region 
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X-Ray CT Results 

Generated images from the X-ray CT scans of Sample 1A can be seen in Figure 31 and 32.  

Figure 31 contains the top of the deposit where a high density large spherical pores can be identified.  

One pore is significantly larger than the rest and appears to have a cluster of smaller spherical pores 

following the large spheres float path.  The interface of Sample 1A is shown in Figure 32, which has a 

high density of pores, similar to the top of the sample.  Additionally, it is clear that the porosity formed in 

a layered pattern, at the bottom of the first few layers in the interface region.  These scans show a high 

density of pores at the interface and at the top of the sample, and minimal porosity in the middle of the 

sample.    

Figures 33 and 34 are images of the top and interface of Sample 5C, generated from X-ray CT 

scans.   Spherical pores are observed at the top of the sample in Figure 33, but with a lower distribution 

density than the pores observed at the top of Sample 1A.  Also, unlike Sample 1A, pores are distributed 

throughout the entire height of the sample.  The distribution of pores in Sample 5C appears to be more 

uniform with an increase in density with increasing height.  There are few pores located at the interface 

making it difficult to determine if the pores formed in layers like Sample 1A.   
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Figure 33: Sample 5C X-ray CT scan of top of deposit 
 

 

Figure 34: Sample 5C X-ray-CT scan of interface and middle of deposit. 
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Summary of X-ray CT Results 

Sample 1A and 5C were evaluated using X-ray CT to identify and evaluate internal porosity.  

Both samples were found to have different pore sizes, locations, and distribution.  Also, it is important to 

note that no faceted pores were observed in either of the samples, meaning the observed faceted pores are 

not voids in the material in the as-deposited condition.  This indicates that the faceted pores may be a 

result of material being removed during grinding or polishing.   

 Both samples had noticeable differences in their distribution of porosity.  Sample 1A had a 

majority of its porosity in clusters at the top of the deposit or layered at the interface and only a few 

counts observed in the middle of the sample.  Sample 5C had a more uniform distribution of porosity, but 

still appeared to have an increasing amount of porosity as sample height increases.  The only controlled 

difference between these two samples is that Sample 1A has lower (15.6 ppm) hydrogen content 

compared to Sample 5C (19.6 ppm).  Although this is a small difference, the additional hydrogen in 

Sample 5C may supply enough hydrogen for the pores to grow, making them more likely to float through 

the melt and escape. 
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Chapter 5: Theoretical Model for Pore Formation Mechanisms 

Pore Formation Mechanisms 

It is important to understand the mechanisms that cause pore formation and the factors that will 

influence those mechanisms.  Formation of pores can be split up into three different mechanisms: 

nucleation, growth, and rise or flow in the melt pool [7].  The solubility of hydrogen in titanium suggests 

that hydrogen is rejected from the melt upon cooling to the solidification temperature [7,8,22].  Given 

this, it is expected that porosity formation is most likely to occur during solidification.  If liquid titanium 

is supersaturated with hydrogen, a bubble will nucleate once a sufficient amount of hydrogen is rejected.  

This will establish a hydrogen concentration gradient, causing hydrogen to diffuse from a hydrogen rich 

region towards the bubble.  If there is sufficient time before solidification, the bubble will begin to grow 

and float in the melt pool, giving it the potential for escape.  These mechanisms are visually represented 

in Figure 35 and are explained in further detail in the upcoming sections.   

 

Figure 35: Summary of pore formation mechanisms [7,22] 
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Nucleation 

Nucleation can occur homogeneously within the liquid, or heterogeneously on a surface or 

interface.  In both types of nucleation, an energy barrier must be overcome to form a new interface in 

order for nucleation to occur.  The energy barrier (∆G*) to form a critically sized cluster (r*) and rate of 

impingement (g*) to make the nucleus free-growing are required to determine the nucleation rate (J).  

Homogeneous nucleation is simplified version of heterogeneous nucleation, due to the absence of a 

nucleating surface, and will be used to initially evaluate the nucleation rate [26].   

The homogeneous nucleation rate can be calculated by starting with the equation for total free 

energy of the system. This is represented by Equation 11, where r is the bubble radius, γ is the surface 

tension, and ∆GV is the free energy from the change in volume.   

∆Gtot = 4πr2γ −
4

3
πr3∆GV  (11) 

The critical radius (r*) of the nucleus can be determined by differentiating ∆Gtot with respect to r and 

setting equal to zero.   

r∗ =
2γ

∆GV
  (12) 

The critical radius can be substituted for r in Equation 11 to determine the free energy required to create a 

critically sized nucleus.   

∆G∗ =  
16πγ3

3∆GV
2   (13) 

With the height of the energy barrier known, the number of critically sized nuclei formed (n*) is 

calculated by Equation 14.  A is a constant, k is Boltzmann’s constant, and T is in Kelvin.    
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n∗ = A exp (−
∆G∗

kT
)  (14) 

The next step in calculating the nucleation rate is determining the rate at which a critically sized nuclei 

obtains one more unit, making it a free-growing nucleus.  This can be expressed by the Hertz-Knudsen 

equation for the rate of impingement:   

g∗ =  
pO

√2πmkT
  (15) 

where p is the ambient pressure and O is the surface area.  Now, the overall homogeneous nucleation rate 

(J) can be expressed as: 

𝐽ℎ𝑜 =  n∗g∗ = C exp( −
∆G∗

kT
) = C exp( −

16πγ3

3∆GV
2 kT

)  (16) 

 

Figure 36: Representation of heterogeneous nucleation with different contact angles 

reproduced from [26] 
 

In order for heterogeneous nucleation to occur, additional material in the system is considered, 

acting as a catalyst for the phase transition.  When a surface or interface is present, the energy barrier to 

nucleate will decrease due to the lower volume required to nucleate a critically sized bubble [26].  The 

fraction of volume required is a function of the contact angle, θ, between the solid and the gas, as shown 

in Figure 36.  The function for bubbles is represented as: 



65 
 

Ф(θ) =  
(1+cos 𝜃)2(2−𝑐𝑜𝑠𝜃)

4
  (17) 

 

Now, the heterogeneous nucleation rate can be written in terms of the homogeneous nucleation rate and 

the function of contact angle: 

𝐽ℎ𝑒 = 𝐶′exp (−
16πγ3Ф(θ)

3∆GV
2 kT

)  (18) 

Growth 

 The growth of pores is related to the degree of supersaturation, inertia of the liquid metal, surface 

tension, ambient pressure, and gas content of the metal.  Once a critical bubble is formed, it is expected 

to grow, unless the nucleation stage depleted the supersaturated system [26].  The growth rate of a pore 

is, 

𝐝𝐫

𝐝𝐭
=  

𝟐(𝐏𝐠−𝐏𝐚𝐭𝐦−𝐏𝐛−𝑷𝒉)(𝐫𝟏 −𝐫𝟎)−𝟐𝛄

𝟑𝛈
  (19) 

where Pg is the partial pressure of the soluble gas, Patm is the atmospheric pressure, Pb is capillary pressure 

due to the curvature of a pore, and Ph is the hydrostatic pressure from the depth in the liquid metal [26].  

Growth rate is affected by the speed in which material can be transported across the interface.  The final 

radius or size of the pore depends on the amount of time during which the metal is in the liquid state.  

Given this, the highest growth rate is expected to occur when a gas species has a high diffusivity in a 

liquid metal for an extended amount of time [26].   
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Rise and Flow in the Melt 

After the bubble nucleation stage and during growth, rise in the liquid metal begins due to 

buoyancy forces [26].  Stokes Law from the Navier-Stokes equation can be used to describe the terminal 

rise velocity of a bubble as: 

𝐕 =  
𝟐𝐠𝐫𝟐∆𝛒

𝟗𝛈
  (20) 

where g is the acceleration due to gravity, r is radius of the bubble, Δρ is the difference in density 

between the gas phase and the liquid metal, and η is the viscosity.  It is important to note that the Stokes 

Law solution assumes the size of the bubble remains constant during rise.  This does not account for the 

effect that as the bubble rises, it will continue to grow due to decreasing hydrostatic pressure.  In addition 

to buoyancy forces, Marangoni flow and electrostatic interactions may affect the flow of the bubble in the 

liquid metal.  Since both effects require the presence of a surface, these interactions may have a greater 

effect on bubble flow during the earlier stages of rise.  Also, as the bubble continues to rise and grow, the 

buoyancy forces will begin to overpower the effects from Marangoni and electrostatic interactions.  

Given a sufficient supersaturation and time in liquid metal, pores may nucleate, grow, rise, and 

eventually escape.  In order for this to occur, enough free energy must be available for the pore to create a 

new surface upon expulsion from the melt [26].   
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Liquid Properties of Ti-6Al-4V and CP-Ti 

Surface Tension (Ti-6Al-4V v CP-Ti) 

Surface tension is a measure of the excess surface energy due to a net inward force on the surface 

atoms.  The atoms in the bulk of the liquid are bonded in all directions, resulting in a net 0 force.  Atoms 

on the surface of the material only have bonds inward, giving rise to the net inward force at the surface 

[27-29].  In order to decrease the free energy of the system, liquids will attempt to decrease their surface 

area to achieve the smallest possible surface area to volume ratio.  Surface tension plays a role in the 

nucleation, growth, and escape stages of pore formation.  A material with a higher surface tension is 

expected to have a lower bubble nucleation rate, growth rate, and escape probability, based on Equations 

16 and 18.  

The surface tension for Ti-6Al-4V and CP-Ti was calculated using empirical results from Zhou et 

al. over a range of temperatures near the solidification temperature [27,28].  The data from this 

experiment was collected using the oscillating drop method over the temperature range of 1700-2300 K 

for Ti-6Al-4V and 1802-2188 K for CP-Ti.  The following equations were used to calculate the surface 

tension of Ti-6Al-4V and CP-Ti as a function of temperature, and the results are plotted in Figure 37.  As 

you can see from the results, Ti-6Al-4V has a lower surface tension compared to CP-Ti and it can be said 

that the addition of aluminum to pure titanium decreases the surface tension. [27,28] 

CP-Ti: 𝜎[
𝑁

𝑚
] = 1.64 − 2.38 × 10−4 ∗ (𝑇 − 1943)  (21) 

Ti-6Al-4V: 𝜎[
𝑁

𝑚
] = 1.38 − 3.13 × 10−4 ∗ (𝑇 − 1933)  (22) 
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Figure 37: Plot of Ti-6Al-4V and CP-Ti surface tension as a function of temperature 
 

Viscosity  

Viscosity is a measure of a materials resistance to fluid flow and plays a role in bubble growth 

and rise in a liquid melt.  A material with a greater viscosity is expected to have a lower bubble growth 

rate, and float velocity in the melt.  The viscosity for Ti-6Al-4V and CP-Ti was calculated using 

empirical results from Zhou et al. and Egry et al over a temperature range near the solidification 

temperature.  The following equations were used to calculate the viscosity of Ti-6Al-4V and CP-Ti as a 

function of temperature, and the results are plotted in Figure 38.  As you can see, the results are similar to 

the surface tension results, where Ti-6Al-4V has a lower viscosity than CP-Ti due to the additional 

aluminum content in the alloy. [27,28] 
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CP-Ti: 𝜂[𝑚𝑃𝑎 ∗ 𝑠] =
16

15
√

𝑀𝐶𝑃−𝑇𝑖

𝑘𝑇
𝜎  (23) 

Ti-6Al-4V:  𝜂[𝑚𝑃𝑎 ∗ 𝑠] =
16

15
√

𝑀𝑇𝑖−64

𝑘𝑇
𝜎  (24) 

 

 

Figure 38: Plot of Ti-6Al-4V viscosity as a function of temperature 
 

Density 

The density of Ti-6Al-4V and CP-Ti was calculated using the following equations [27,29]: 

Ti-6Al-4V: 𝜌 [
𝑔

𝑐𝑚3] = 4.12 − 2.54 × 10−4 ∗ (𝑇 − 1933)  (25) 

CP-Ti: 𝜌 [
𝑔

𝑐𝑚3] = 4.13 − 4.29 × 10−4 ∗ (𝑇 − 1943)  (26) 
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Both equations have a similar density at the melting temperature, but different temperature coefficients.  

Figure 39 shows the change in density with temperature for Ti-6Al-4V and CP-Ti, where CP-Ti has the 

greater liquid density and Ti-6Al-4V has the greater solid density.  The higher liquid density of CP-Ti 

will promote faster bubble rise due to a greater difference in density between the liquid metal and the gas 

bubble.   

 

Figure 39: Plot of Ti-6Al-4V and CP-Ti density as a function of temperature 
 

Nucleation Rate 

The calculated values for surface tension, viscosity, and density can be applied to the equations 

from the pore formation mechanisms to determine the differences in porosity between Ti-6Al-4V and CP-

Ti.  The nucleation rate was determined using the classical nucleation rate equation:  
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J = Cexp (
−16πσ3Ω2

3k3T3ln2(
𝒑

𝒑𝒐
)
)   (27) 

where σ is the surface tension, Ω is the energy exchange coefficient, k is Boltzmann’s constant, T is in K, 

and P is the normalized pressure of the bubble.  Using Equation 27, the effect of aluminum content on 

surface tension can be determined by comparing the nucleation rates of the two alloys.  These results are 

shown in Figure 40.  Ti-6Al-4V is expected to have a greater nucleation rate than CP-Ti.  This can be 

further supported by the higher surface tension material (CP-Ti) will require more energy to create a new 

surface and therefore is expected to have a lower nucleation rate.   

 

Figure 40: Plot of Ti-6Al-4V and CP-Ti nucleation rate as a function of temperature 
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Growth Rate 

Similarly, the calculated liquid metal properties can be applied to the growth rate equation as 

well.  In the growth rate equation (Equation 19), surface tension and viscosity are identified as important 

liquid metal properties that will change with varying alloying content.  The results for the bubble growth 

rate between the two alloys is reported in Figure 41, where Ti-6Al-4V is expected to have a higher bubble 

growth rate than CP-Ti.   

 

Figure 41: Plot of Ti-6Al-4V growth rate as a function of temperature 
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Summary of Pore Formation Mechanisms in CP-Ti and Ti-6Al-4V  

There are three main stages of porosity formation which are influenced by the liquid metal 

properties of the material of interest.  In the case of this experiment, the addition of aluminum to titanium 

alters the liquid properties and the extent of the pore formation mechanisms of Ti-6Al-4V.  Adding 

aluminum to titanium decreases the surface tension and viscosity at the solidification temperature, while 

the density at this temperature remains constant.  Above the melting temperature, in the liquid phase, CP-

Ti has a greater density than Ti-6Al-4V.  When these are applied to the pore formation mechanism 

equations, it was found that Ti-6Al-4V is expected to have a greater bubble nucleation and growth rate 

due to the decrease in surface tension and viscosity.  Bubble rise in Ti-6Al-4V is expected to increase due 

to the greater difference in density between liquid Ti-6Al-4V and the gas bubble.  In addition, it is 

important to note that the larger pores in Ti-6Al-4V (from the faster growth rate) will also provide an 

increase in float velocity.  In addition to this, there are also Marangoni flow and electrostatic interactions 

that will influence the bubble flow in the liquid, making it even more difficult to determine relative float 

velocities.   

 

Hydrogen in Titanium and Alloys 

Hydrogen Solubility in Liquid Titanium 

Unlike other materials, such as aluminum or steel, the solubility of hydrogen in titanium 

decreases with increasing temperature [30-33].  There is a local max in the hydrogen solubility at the 

solidification temperature with a rapid drop in solubility upon solidification.  This jump in solubility may 
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partition some hydrogen and cause it to diffuse to lower temperatures, until it reaches the β transus. The 

magnitude of the jump in solubility is defined by the ratio of the equilibrium constants for the gas species 

in liquid and solid metal.  Lakomski et al. derived the following equation to calculate the magnitude in 

the jump of hydrogen solubility in titanium at the solidification temperature [33]: 

19.15 ∗ log (
𝐾𝑙𝑖

𝐾𝑠𝑜
) = −

𝐻𝑙𝑖−𝐻𝑠𝑜

𝑇𝑚
− [𝑆𝑙𝑖

𝑜 − 𝑆𝑠𝑜
𝑜 ]  (27) 

These features can be seen in Figure 42, which is a plot of hydrogen solubility in pure titanium generated 

from empirical results.   The plot takes the form of the following equation [31]: 

ln(𝐶𝐻
𝑖 ) =  

𝐴

𝑇
+ 𝐵 +  

1

2
ln (𝑃𝐻2

)  (28) 

where A and B are empirically derived and PH2 is the partial pressure of hydrogen above the melt.   

 

Figure 42: Plot of hydrogen solubility in pure titanium as a function of temperature reproduced 

from [33] 
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Calculating Hydrogen Solubility in Alloys  

It is difficult to determine hydrogen solubility in alloys through experimentation, so instead it is 

calculated from thermodynamic data.  Typically, hydrogen solubility can be determined using Seivert’s 

Law: 

𝐶𝐻 =  √𝑃𝐻2
exp (

−∆𝐺𝑀
𝜃

𝑅𝑇
)   (29) 

where G is the change in molar free energy of hydrogen, PH2 is the pressure of hydrogen in Pa, R is the 

gas constant, and T is in K.  This shows the hydrogen solubility in an alloy melt depends on the 

temperature of the melt and the pressure of hydrogen.  To improve this approach, a modified version of 

Seivert’s Law was coupled with a free volume theory which accounted for excess configuration and 

vibration entropy.  Yanqing et al. created a model for calculating the hydrogen solubility in in alloy melts 

using the modified approach described [31].  The model for hydrogen solubility in an alloy can be written 

as: 

𝑙𝑛𝐶𝐻 =  Ʃ𝑥𝑖𝑙𝑛
𝐶𝐻

𝑖

𝛾𝑖
  (30) 

where 𝐶𝐻
𝑖  is the hydrogen solubility in a pure melt, and γi is the activity coefficient of i.  This equation 

suggests that only the activity coefficients of the components of the alloy need to be determined to 

calculate the hydrogen solubility in an alloy melt.  An equation to determine the activity coefficients of 

the component materials was derived by Yanqing et al. and is explained in [31].  With the activity 

coefficients calculated, the solubility of hydrogen can be calculated using Equation 30.  Hydrogen 

solubility in pure titanium and aluminum was available in literature from previously conducted 

experiments.  There was little-to-no literature available for hydrogen solubility in Ti-6Al-4V so this was 
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calculated using the method outlined by Yanqing et al.  First, an average for the hydrogen solubility for 

pure titanium and aluminum was determined based on 3 experimental results for each element and is 

reported in Table 10 [30,31,33,34].  It is important to note that the effect of vanadium additions on the 

solubility of hydrogen in titanium is negligible compared to the effect from aluminum additions, so 

vanadium was not considered in this calculation. [31] 

 

Material A B Reference 

Ti 5349 4.704 30 

Ti 7783 5.779 31 

Ti 5457 1.441 33 

Ti Average 6196 3.975 Calculated 

Al -6159 6.247 34 

Al -6218 6.264 34 

Al -5953 6.034 34 

Al Average -6175 6.182 Calculated 

 

 

Figure 43 is a plot of hydrogen solubilities in pure titanium taken from literature, as well as the 

calculated average solubilities in titanium and aluminum.  The aluminum values taken from literature 

were not included in the plot since they all completely overlapped with the average aluminum solubility.  

All of the data used for hydrogen solubility in pure titanium agrees well, especially at the solidification 

temperature.   

Table 10. Data for hydrogen solubility in pure titanium and aluminum  
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Figure 43: Hydrogen solubility in titanium and aluminum from literature and calculated 

averages 
 

 

The average of hydrogen solubility in titanium and aluminum were used as 𝐶𝐻
𝑇𝑖 and 𝐶𝐻

𝐴𝑙 in 

Equation 30.  This, along with the calculated activity coefficients were used to determine the solubility of 

hydrogen in Ti-6Al-4V.  The results from this calculation can be seen in Figure 44, as the line marked Ti-

6Al-4V, where it can be compared to the hydrogen solubility in CP-Ti.  The lower curves on the plot with 

the label “Vacuum” consider the hydrogen partial pressure term in Equation 28.  Processing in a vacuum 

causes a decrease in hydrogen pressure above the melt, resulting in a decrease in the hydrogen solubility 
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of the melt.  The “Vacuum” curves are the expected hydrogen solubility limits in the Ti-6Al-4V and CP-

titanium samples deposited in this experiment.  In both pressure levels, Ti-6Al-4V has a lower hydrogen 

solubility limit, meaning it will become supersaturated before CP-Ti.  In addition to this, Ti-6Al-4V 

solidifies over a range of temperatures but CP-Ti solidifies at a single temperature.  Solidifying over a 

range of temperatures allows more time for hydrogen diffusion, bubble nucleation, growth, and rise in the 

melt.  CP-Ti’s faster solidification time limits hydrogen diffusion may even prevent the bubble nucleation 

and growth mechanisms.  With this, Ti-6Al-4V is expected to have a higher degree of porosity compared 

to CP-Ti.   

 

Figure 44: Plot of  hydrogen solubility in Ti-6Al-4V and CP-Ti at standard pressure and under 

high vacuum 
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Summary of Theoretical Model 

A theoretical model for understanding the pore formation mechanisms was established to physically 

relate to the experimental results.  The formation of pores is split into nucleation, growth, and rise 

mechanisms in the melt pool.  These mechanisms were found to be influenced by certain properties of the 

liquid metal, such as surface tension, viscosity, and density.  Furthermore, the aluminum additions in the 

Ti-6Al-4V alloy affect the liquid properties, decreasing the surface tension and viscosity.  The density of 

both metals was approximately equal near the melting temperature, but Ti-6Al-4V has a higher liquid 

density than CP-Ti.  Due to the difference in liquid metal properties, Ti-6Al-4V is expected to have a 

higher nucleation and growth rate.  If the bubble has sufficient time before solidification, rise will occur, 

where the higher density of liquid Ti-6Al-4V creates a greater change in pressure between the liquid and 

the gas, resulting in a faster float velocity.  The solubility of hydrogen in titanium is important since it 

increases upon cooling from the melt, before it reaches a rapid jump in solubility upon solidification.  

Hydrogen solubility in pure titanium was available in literature, but the hydrogen solubility in Ti-6Al-4V 

had to be calculated.  In addition to this, processing in a vacuum causes a decrease in hydrogen pressure 

surrounding the melt.  A decrease in hydrogen pressure will decrease the solubility limit of hydrogen in 

titanium, causing it to become supersaturated at significantly lower hydrogen contents.  Ti-6Al-4V has a 

lower hydrogen solubility than CP-Ti, meaning it will become supersaturated first and reject more 

hydrogen.  Additionally, Ti-6Al-4V has a smaller magnitude of jump in solubility over a range of 

solidification temperatures compared to the larger jump in solubility over a single solidification 

temperature in CP-Ti.  The rapid solidification over a single temperature of CP-Ti may limit the amount 

of hydrogen that is rejected during solidification, resulting in a low volume of spherical porosity.  
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Furthermore, any remaining supersaturated hydrogen in CP-Ti will diffuse to form a hydride phase once 

the titanium has solidified.  Recalling that aluminum additions suppress the hydride phase formation due 

to increased hydrogen solubility in α phase, less hydride phase is expected in Ti-6Al-4V the samples.  

This could explain the higher amounts of faceted porosity in CP-Ti, since more hydride phase is formed 

and it is likely that the faceted pores are created by removing hydride phases during grinding.  This is 

further supported by Ti-6Al-4V, where the addition of aluminum is known to suppressed the formation of 

a hydride phase.  This will decrease the formation of a hydride phase, resulting in less faceted porosity in 

Ti-6Al-4V.   

 

 



81 
 

Chapter 6: Discussion of Results 

The initial hypothesis evaluated the effect of aluminum content, hydrogen contamination, and 

process settings on the degree of porosity.  Some aluminum is assumed to be vaporized during processing 

and may form a bubble in the melt and then pore upon solidification.  Although the expected ripped inner 

surface pore was not identified, it is still possible that aluminum vapor may be a cause of porosity.  The 

degree of porosity is expected to increase as the hydrogen contamination increases, but the opposite effect 

was observed with this data.  Also, after analysis of OM and stereology data, there was no correlation 

found between the process setting used and level of porosity.  The hypothesis of the effects from 

hydrogen contamination and process settings could not be proved with the results from this data.  In 

addition to aluminum vapor causing porosity, the aluminum content also plays a role in pore formation by 

altering the properties of liquid titanium.  The theoretical model is used to build a physical understanding 

of the experimental results, which are discussed below.   

To start, there was an unexpected relationship between the hydrogen content and the degree of 

porosity.  It was found the wires with lower hydrogen content produced samples with less porosity than 

the samples deposited with higher hydrogen content wire.  The level of contamination on the wire was 

expected to have the largest effect on porosity, so the hydrogen values that were used only represent the 

hydrogen contribution from the filler wire and not the baseplate or atmosphere as well.  Since back 

streaming contamination is common, and given the long pump down times, there is expected to be a 

contribution of hydrogen from hydrocarbons in the atmosphere.  An accurate relationship between the 
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hydrogen contamination from the wire and porosity cannot be established since there are other significant 

contributions of hydrogen to the system.   

Next, CP-Ti was found to have more total porosity (spherical and faceted) and more faceted 

porosity compared to Ti-6Al-4V.  Although, Ti-6Al-4V produced more spherical porosity than CP-Ti.  

These results can be explained using the theoretical model for pore formation and solubility of hydrogen 

in titanium.  The main difference between the two sample sets is the addition of aluminum to titanium in 

Ti-6Al-4V.  Alloying with aluminum alters the liquid properties of titanium that effect pore formation as 

well as the solubility of hydrogen in titanium.  Adding aluminum decreases the surface tension and 

viscosity, causing Ti-6Al-4V to favor faster bubble nucleation and growth rates compared to CP-Ti.  As a 

result, Ti-6Al-4V is expected to produce more pores that will grow to a larger size than CP-Ti.  This is 

further supported by the plots of hydrogen solubility in Ti-6Al-4V and CP-Ti.  Ti-6Al-4V has a lower 

solubility limit at the melting temperature meaning it will become supersaturated and reject hydrogen 

before CP-Ti.  Also, CP-Ti solidifies at a single temperature compared to Ti-6Al-4V solidifying over a 

range of temperatures.  This temperature range allows more time for hydrogen diffusion, bubble 

nucleation, and growth in Ti-6Al-4V.  This is supported by the experimental results, where more 

spherical porosity was observed in Ti-6Al-4V.   

It is more difficult to relate the theoretical model to the degree of faceted porosity, since the 

mechanism for forming a faceted pore is still not clear.  The results from the X-ray CT analysis did not 

show any faceted pores, only spherical or LOF.  Given this result and the morphology of the faceted 

pores, it is possible that they are formed as a result of removing an additional hydride or intermetallic 
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phase during grinding, although this phase is expected to be resolved in X-ray CT.  Titanium 

characteristically forms hydride phases when the hydrogen super-saturation limit is surpassed and not all 

of the excess hydrogen is rejected.  When aluminum is added to titanium, the HCP a and c lattice 

parameters becomes strained, allowing solid titanium to hold more hydrogen.  This increase in solid 

solubility of hydrogen represses the ability to form a hydride phase since less hydrogen is available.  This 

means that Ti-6Al-4V suppressed hydride formation and will form less hydride phase compared to CP-Ti.  

If it is assumed that the faceted pores are formed from the removal of a hydride or intermetallic, then this 

supports the greater amount of faceted porosity observed in CP-Ti. With aluminum contents greater than 

6 wt. %, Ti3Al intermetallic phase may form.  Under the same assumption as the hydride phase, it is 

possible that this phase is removed from Ti-6Al-4V during grinding as well. 
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Appendix 

Raw Data from Wire Surface Chemistry Analysis 

 

Raw XPS surface analysis data for Wire B 

Wire B: Ti-6Al-4V 

XPS F O Ti N Ca C S Si Al 

at. % 1 29 7 2 <1 57 <1 2 1 

Std. Dev.  ± 0.4 ± 1.3 ± 0.9 ± 0.5 ± 0.1 ± 1.6 ± 0.1 ± 0.2 ± 0.3 

 

Raw XPS surface analysis data for Wire C 

Wire C: Ti-6Al-4V 

XPS F O Ti N Ca C S Si Al 

at. % 0 33 7 3 1 53 0 2 2 

Std. Dev.  0 ± 0.9 ± 0.1 ± 0.7 ± 0.2 ± 0.9 0 ± 0.2 ± 0.2 

 

Raw XPS surface analysis data for Wire D 

Wire D: CP-Ti 

XPS Al C Ca N O S Si Ti V 

at. % 0 86.3 2 0 9.9 0.3 1.3 0.4 0 

Std. Dev.  0 ± 0.6 ± 0.2 0 ± 0.4 ± 0.2 ± 0.3 ± 0.3 0 

 

Raw XPS surface analysis data for Wire E 

Wire E: CP-Ti 

XPS Al C Ca N O S Si Ti V 

at. % 0 73.3 1.8 0 19.1 0.7 1.1 2.9 0 

Std. Dev.  0 ± 3.0 ± 0.6 0 ± 1.9 ± 0.1 ± 0.8 ± 0.2 0 
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Raw Data from Optical Microscopy Porosity Evaluation 

 

Raw data from Sample 1 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 1 2 2 5 2 0-49 35 8 12 24 12 2.4 18.2 

50-99 1 0 4 3 0 50-99 3 3 3 8 2 1.6 3.8 

100-149 0 0 3 0 2 100-149 2 0 2 1 0 1 1 

150-199 0 0 2 0 0 150-199 1 0 1 1 0 0.4 0.6 

200-249 0 0 0 0 0 200-249 0 0 1 0 2 0 0.6 

250-299 0 0 1 0 0 250-299 0 1 0 0 1 0.2 0.4 

300-349 0 2 0 0 0 300-349 1 0 0 0 0 0.4 0.2 

350-399 0 1 0 0 0 350-399 1 0 0 0 1 0.2 0.4 

>400 0 1 1 0 0 >400 3 1 0 0 0 0.4 0.8 

 

Raw Data from Sample 2 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 3 3 2 7 11 0-49 25 7 12 50 55 5.2 29.8 

50-99 1 4 1 4 5 50-99 2 9 3 11 21 3 9.2 

100-149 0 3 0 2 1 100-149 2 3 2 3 4 1.2 2.8 

150-199 0 0 0 0 0 150-199 0 4 1 4 0 0 1.8 

200-249 1 0 0 0 0 200-249 1 2 1 1 0 0.2 1 

250-299 0 0 0 0 0 250-299 0 3 0 1 1 0 1 

300-349 0 0 0 0 0 300-349 1 2 0 0 0 0 0.6 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 0 0 0 >400 1 1 0 0 0 0 0.4 
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Raw Data from Sample 3 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 1 5 0 4 5 0-49 25 21 9 6 16 3 15.4 

50-99 0 1 0 3 2 50-99 11 18 0 6 0 1.2 7 

100-149 2 0 0 0 0 100-149 1 7 0 4 4 0.4 3.2 

150-199 1 0 0 0 0 150-199 0 0 0 1 0 0.2 0.2 

200-249 1 0 0 0 0 200-249 1 0 0 0 0 0.2 0.2 

250-299 0 0 0 0 0 250-299 0 0 0 0 0 0 0 

300-349 0 0 0 0 0 300-349 1 0 0 0 0 0 0.2 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 0 0 0 >400 0 0 0 0 0 0 0 

Raw Data from Sample 4 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 9 0 0 0 0 0-49 34 3 1 6 4 1.8 9.6 

50-99 1 0 1 0 2 50-99 11 4 4 2 2 0.8 4.6 

100-149 1 0 0 0 0 100-149 2 2 2 0 3 0.2 1.8 

150-199 0 0 0 0 0 150-199 1 0 2 0 0 0 0.6 

200-249 0 0 0 0 0 200-249 1 0 1 1 0 0 0.6 

250-299 0 0 0 0 0 250-299 0 0 0 0 0 0 0 

300-349 0 0 0 0 0 300-349 0 0 0 0 0 0 0 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 0 0 0 >400 8 0 0 0 0 0 1.6 

 

Raw Data from Sample 5 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 3 0 0 2 8 0-49 14 1 0 16 16 2.6 9.4 

50-99 0 0 2 2 4 50-99 2 1 3 4 6 1.6 3.2 

100-149 0 0 0 2 1 100-149 1 2 0 1 1 0.6 1 

150-199 0 0 0 0 0 150-199 2 1 0 0 0 0 0.6 

200-249 0 0 0 0 0 200-249 0 0 0 1 0 0 0.2 

250-299 0 0 0 0 0 250-299 0 0 1 0 0 0 0.2 

300-349 0 0 0 0 0 300-349 0 0 0 0 0 0 0 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 0 0 0 >400 1 1 0 1 2 0 1 
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Raw Data from Sample 6 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 2 2 3 0 4 0-49 31 8 2 4 19 2.2 12.8 

50-99 4 1 3 0 0 50-99 15 6 1 1 5 1.6 5.6 

100-149 1 0 0 0 0 100-149 3 5 1 1 2 0.2 2.4 

150-199 0 0 0 0 0 150-199 4 5 0 0 0 0 1.8 

200-249 0 0 0 0 0 200-249 0 1 0 0 0 0 0.2 

250-299 0 0 0 0 0 250-299 0 0 0 0 0 0 0 

300-349 0 0 0 0 0 300-349 0 0 0 0 0 0 0 

350-399 0 0 0 0 0 350-399 0 1 0 0 0 0 0.2 

>400 0 0 0 0 0 >400 3 0 0 0 1 0 0.8 

 

Raw Data from Sample 7 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 1 0 1 1 13 0-49 61 7 1 15 41 3.2 25 

50-99 1 2 0 0 1 50-99 15 2 3 9 14 0.8 8.6 

100-149 0 0 0 0 0 100-149 1 2 2 4 1 0 2 

150-199 2 0 0 1 0 150-199 1 0 3 4 2 0.6 2 

200-249 0 0 0 0 0 200-249 0 0 0 0 0 0 0 

250-299 0 0 0 0 0 250-299 0 0 0 1 0 0 0.2 

300-349 0 0 0 0 0 300-349 0 0 0 0 0 0 0 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 0 0 0 >400 0 0 0 1 0 0 0.2 

 

Raw Data for Sample 8 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 4 0 0 1 4 0-49 22 3 12 11 13 1.8 12.2 

50-99 2 0 1 0 1 50-99 14 7 7 0 9 0.8 7.4 

100-149 0 0 1 0 0 100-149 8 3 7 0 0 0.2 3.6 

150-199 0 0 0 0 0 150-199 3 1 3 0 0 0 1.4 

200-249 0 1 0 0 0 200-249 0 1 1 0 0 0.2 0.4 

250-299 0 1 0 0 0 250-299 0 0 0 0 0 0.2 0 

300-349 0 0 0 0 0 300-349 0 0 0 0 0 0 0 

350-399 0 0 0 0 0 350-399 0 0 0 0 1 0 0.2 

>400 0 0 0 0 0 >400 0 0 0 0 0 0 0 
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Raw Data for Sample 9 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 3 13 7 2 3 0-49 35 35 11 29 8 5.6 23.6 

50-99 1 3 5 5 0 50-99 12 8 14 4 1 2.8 7.8 

100-149 0 0 0 1 0 100-149 11 1 5 1 1 0.2 3.8 

150-199 1 0 0 1 0 150-199 2 1 2 1 0 0.4 1.2 

200-249 0 0 0 1 0 200-249 2 0 2 1 0 0.2 1 

250-299 0 0 0 0 0 250-299 0 0 2 0 0 0 0.4 

300-349 0 0 1 0 0 300-349 0 1 1 0 0 0.2 0.4 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 1 0 0 >400 0 0 0 1 0 0.2 0.2 

 

Raw Data for Sample 10 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 1 3 0 9 3 0-49 63 16 3 28 15 3.2 25 

50-99 0 2 0 0 1 50-99 40 5 2 8 7 0.6 12.4 

100-149 0 0 0 1 0 100-149 22 8 1 4 2 0.2 7.4 

150-199 0 0 0 0 0 150-199 6 0 0 2 2 0 2 

200-249 0 0 0 0 0 200-249 0 4 0 0 1 0 1 

250-299 0 0 0 0 0 250-299 0 0 0 0 0 0 0 

300-349 0 0 0 0 0 300-349 0 5 0 0 0 0 1 

350-399 0 0 0 0 0 350-399 0 0 0 0 0 0 0 

>400 0 0 0 0 0 >400 0 1 0 0 0 0 0.2 

 

Raw Data for Sample 11 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 8 7 0 7 6 0-49 63 13 15 28 8 5.6 25.4 

50-99 3 5 1 4 2 50-99 16 9 7 5 5 3 8.4 

100-149 0 2 0 2 0 100-149 4 8 7 4 4 0.8 5.4 

150-199 0 1 1 0 0 150-199 3 7 5 0 2 0.4 3.4 

200-249 0 0 2 0 0 200-249 0 4 4 0 1 0.4 1.8 

250-299 0 0 0 0 0 250-299 0 0 1 0 0 0 0.2 

300-349 0 0 0 0 0 300-349 0 4 1 0 0 0 1 

350-399 0 0 0 0 0 350-399 0 2 0 0 0 0 0.4 

>400 0 0 0 0 0 >400 2 3 1 0 0 0 1.2 
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Raw Data for Sample 12 

Interface Deposit Average 

Size Class A B C D E Size Class A B C D E Interface Deposit 

0-49 5 8 2 1 2 0-49 28 18 14 5 33 3.6 19.6 

50-99 2 3 1 0 3 50-99 9 18 3 6 13 1.8 9.8 

100-149 1 1 1 1 0 100-149 6 10 0 2 4 0.8 4.4 

150-199 0 0 0 0 0 150-199 0 6 2 0 6 0 2.8 

200-249 0 2 0 0 0 200-249 0 1 3 0 0 0.4 0.8 

250-299 0 0 0 0 0 250-299 0 3 2 0 1 0 1.2 

300-349 0 1 0 0 0 300-349 0 2 0 0 0 0.2 0.4 

350-399 0 0 0 0 0 350-399 0 1 0 0 1 0 0.4 

>400 0 0 0 0 0 >400 0 5 1 0 0 0 1.2 

 


