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In recent years, additive manufacturing (AM) has become an increasingly promising 

method used for the production of structural metallic components. There are a number of 

reasons why AM methods are attractive, including the ability to produce complex geometries 

into a near-net shape and the rapid transition from design to production. Ti-6Al-4V is a titanium 

alloy frequently used in the aerospace industry which is receiving considerable attention as a 

good candidate for processing via electron beam additive manufacturing (EBAM). The Sciaky 

EBAM method combines a high-powered electron beam, weld-wire feedstock, and a large build 

chamber, enabling the production of large structural components. In order to gain wide 

acceptance of EBAM of Ti-6Al-4V as a viable manufacturing method, it is important to understand 

broadly the microstructural features that are present in large-scale depositions, including 

specifically: the morphology, distribution and texture of the phases present. To achieve such an 

understanding, stereological methods were used to populate a database quantifying key 

microstructural features in Ti-6Al-4V including volume fraction of phases, α lath width, colony 

scale factor, and volume fraction of basket weave type microstructure. Microstructural features 

unique to AM, such as elongated grains and banded structures, were also characterized. 

Hardness and tensile testing were conducted and the results were related to the microstructural 

morphology and sample orientation. Lastly, fractured surfaces and defects were investigated. 

The results of these activities provide insight into the process-structure-properties relationships 

found in EBAM processed Ti-6Al-4V.  



 ii 

 

 

 

 

 

 

 

 

 

Copyright 2013 

by 

Brian J. Hayes 

  



 iii 

ACKNOWLEDGMENTS 

 Firstly, I would like to thank Dr. Peter Collins for all of his time, effort, and insight in 

helping me throughout this project and my academic career. It has been truly inspiring working 

with someone with such dedication and knowledge. The environment he fosters within his 

research group has allowed me to grow both as a researcher and as an individual.  

 I am also grateful to Dr. Young for taking me into his group for this last semester and 

overseeing the completion of this thesis. In addition, I would like to thank my other committee 

members: Dr. Scharf and Dr. Dahotre. 

 I owe many thanks to all of the members in my research group, but especially to Iman 

Ghamarian. I feel very fortunate to have worked closely with him over the past two years and 

appreciate the enthusiasm he had when discussing this project.  

 Lastly, I would like to thank my family. Without their love and support none of this 

would have been possible.  

  

   

  



 iv 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................................................... III 

LIST OF TABLES ............................................................................................................................... VI 

LIST OF FIGURES ............................................................................................................................ VII 

CHAPTER 1  INTRODUCTION ........................................................................................................... 1 

CHAPTER 2  BACKGROUND AND LITERATURE REVIEW .................................................................. 2 

2.1 Review of Additive Manufacturing ....................................................................................... 2 

2.2 Classification of Titanium Alloys ........................................................................................... 4 

2.3 Microstructures of / Titanium Alloys ............................................................................... 7 

2.3.1 Lamellar .......................................................................................................................... 8 

2.3.2 Bimodal ........................................................................................................................ 11 

2.4 Microstructural Quantification and Property Prediction ................................................... 12 

CHAPTER 3 MATERIALS AND EXPERIMENTAL METHODS ............................................................. 17 

3.1 Manufacturing Method ...................................................................................................... 17 

3.2 Materials ............................................................................................................................. 18 

3.3 Sample Preparation and Testing Methods ......................................................................... 19 

3.3.1 Stereological Methods ................................................................................................. 22 

3.4 Chemical Analysis ................................................................................................................ 26 

3.5 Effect of Orientation on Yield Strength .............................................................................. 27 

3.6 Y-Z Plane Grain Variation .................................................................................................... 28 

3.7 Voids .................................................................................................................................... 28 



 v 

CHAPTER 4 RESULTS AND DISCUSSION......................................................................................... 29 

4.1 Thin-Wall Build .................................................................................................................... 29 

4.1.1 As-Deposited Characterization .................................................................................... 29 

4.1.2 -Solutionized Characterization .................................................................................. 33 

4.1.3 Hardness Testing .......................................................................................................... 35 

4.1.4 Orientation Microscopy ............................................................................................... 36 

4.2 Quantification Database ..................................................................................................... 39 

4.3 Effect of Orientation on Yield Strength .............................................................................. 46 

4.4 Y-Z Plane Grain Variation .................................................................................................... 47 

4.5 Fracture ............................................................................................................................... 51 

4.6 Voids .................................................................................................................................... 54 

CHAPTER 5 SUMMARY AND FUTURE WORK ................................................................................ 57 

5.1 Summary ............................................................................................................................. 57 

5.2 Future Work ........................................................................................................................ 58 

REFERENCES .................................................................................................................................. 60 

 

  



 vi 

LIST OF TABLES 

Table 4.1. Microstructural Quantification Database. ................................................................... 41 

Table 4.2 Quantification of Y-Z Grain Variation ............................................................................ 50 

 

  



 vii 

LIST OF FIGURES 

Fig. 2.1. A Pseudo-binary phase diagram for Ti-6Al-4V. ................................................................. 5 

Fig. 2.2. A comparison of bimodal and lamellar microstructures. ................................................. 8 

Fig. 2.3. The formation of  colonies upon cooling. ....................................................................... 9 

Fig. 2.4. A comparison of colony and basketweave microstructures. .......................................... 10 

Fig. 2.5. Processing steps to produce bimodal Ti-6Al-4V. ............................................................. 12 

Fig. 2.6. The general method used to develop a predictive equation using artificial neural 

networks, genetic algorithms, and Monte Carlo simulations ...................................................... 14 

Fig. 3.1. Schematic of the EBAM system. ...................................................................................... 18 

Fig. 3.2. A comparison of an original and post-processed SEM image used for quantification. .. 23 

Fig. 3.3. The method used to calculate the colony scale factor. .................................................. 25 

Fig. 3 .4. Method for calculating volume fraction of basketweave. ............................................. 26 

Fig. 3.5. Schematic showing various orientations used for tensile testing. ................................. 27 

Fig. 4.1. Macrostructure of an as-deposited thin-wall build. ....................................................... 31 

Fig. 4.2. Microstructures seen in the transition from the substrate to the deposit. ................... 32 

Fig. 4.3. Microstructures after -solutionizing heat treatment.................................................... 34 

Fig. 4.4. Hardness results normal to the layer bands. .................................................................. 36 

Fig. 4.5. Location of the area chosen for the EBSD scan. ............................................................. 38 

Fig. 4.6. Results from the EBSD scan. ............................................................................................ 38 

Fig. 4.7. Plots of normalized yield strength vs. microstructural features. .................................... 44 

Fig. 4.8. Plots of normalized yield strength vs. composition. ....................................................... 45 

Fig. 4.9. Effects of sample orientation on yield strength. ............................................................. 47 



 viii 

Fig. 4.10. Spatially periodic grain variation in the Y-Z plane. ........................................................ 49 

Fig. 4.11. SEM and optical images of the Y-Z grain variation. ...................................................... 50 

Fig. 4.12. Cross-section of a fractured surface. ............................................................................ 52 

Fig. 4.13. Cross-Section of a crack approximately 1 mm below the fractured surface. ............... 52 

Fig. 4.14. Small crack pores forming along a shear band ............................................................. 53 

Fig. 4.15. The top of a fractured surface. ...................................................................................... 53 

Fig. 4.16.  A Hollow void. ............................................................................................................... 54 

Fig. 4.17. Voids with material inside. ............................................................................................ 55 

 



 1 

CHAPTER 1  

INTRODUCTION 

 

Additive manufacturing has become an increasingly promising method for the 

production of structural metallic components in recent years. As with any new manufacturing 

method, it is important to properly qualify the material produced to ensure it meets 

performance standards. If the structure-property relationships are well understood, and the 

process-structure properties are well understood, it is possible to engineer microstructures to 

achieve improved performance results. 

 Four additional chapters will be presented in this thesis. Chapter two provides 

background information and a review of the current literature, including an overview of 

additive manufacturing and a discussion on the metallurgy and common microstructures of Ti-

6Al-4V.  

 Chapter three provides a detailed description of the material background, sample 

preparation, and testing methods. 

 Chapter four includes key results and insights gained from the experiments. Finally, 

Chapter five provides a summary and suggestions for future work. 
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CHAPTER 2  

BACKGROUND AND LITERATURE REVIEW 

 

2.1 Review of Additive Manufacturing 

There is currently a wide range of additive manufacturing techniques used to process a 

variety of metallic materials [1]. In a basic description, these techniques use a high-energy heat 

source to melt a small volume of material on a substrate, or previously deposited material, and 

add new material into the melt pool in order to add volume to the system. The addition of this 

material proceeds in a line-by-line, layer-by-layer, fashion in which the heat source and/or the 

substrate/feed material travel along a predetermined tool path [2]. The various additive 

techniques can be differentiated based on the heat source (electron beam, laser, plasma arc), 

melt pool size (from 10’s of microns to ~10 mm), the type of feed material (wire or powder), 

environment (inert gas atmosphere or vacuum), and the mechanism used to feed the material 

(feed wire, powder flow, powder bed) [3].  

 There are a number of reasons why additive manufacturing is seen as a promising 

production method for metallic materials. The line-by-line, layer-by-layer approach enables the 

production of complex component geometries into a net or near-net shape from a computer 

aided design file [4]. This allows for a rapid transition from design to production [5]. There is a 

potential economic advantage, especially for low volume productions, in the reduced need for 

machine tooling and the reduction in material waste, leading to a better “buy-to-fly” ratio [6]. 

Technical advantages include the ability to use technically interesting materials that cannot 

otherwise be manufactured due to limitations associated with conventional processes, and the 
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ability to spatially vary the composition and microstructure within a single component, allowing 

for different properties throughout the material [7, 8]. 

 To date, additive methods that produce relatively small build dimensions have been 

studied in some detail [9, 10]. On the other hand, there is currently far less work in the 

published literature detailing the characteristics of materials produced via large-scale electron 

beam melting, which is well suited for large-scale structural components, including those used 

for aerospace applications [11]. Ti-6Al-4V is a titanium alloy frequently used in the aerospace 

industry in its wrought form which is receiving considerable attention as a good candidate for 

processing via electron beam additive manufacturing (EBAM).  

 In general, Ti-6Al-4V components produced from additive manufacturing have a 

complex thermal history and microstructural evolution due to directional heat extraction [12], 

cyclic melting and solidification [13], rapid solidification [14], and repeated solid-state phase 

transformations [15]. For example, it has been shown that the systematic variation of the 

scanning parameters in selective laser melting processing can lead to significant changes in the 

grain growth direction in Ti-6Al-4V [16]. Elongated prior beta () grains and the existence of 

equiaxed alpha () and basketweave microstructures have been observed in laser deposited Ti-

6Al-4V samples [17, 18]. Fine Widmanstätten microstructure was reported in the direct metal 

deposition method via laser in Ti-6Al-4V depositions [19]. In electron beam deposition, very fine 

/ lamellar microstructures were observed [20, 21]. It has also been shown that prior beta 

grains can grow into long columns with Widmanstätten morphology found in the interior [14, 

22]. The wide range of microstructures seen in the literature for Ti-6Al-4V are a result of 
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differences in process parameters, and the fact that thermal histories vary spatially throughout 

the builds. [18].   

 Significant progress has been made in advancing additive manufacturing as a viable 

technology, however there are still issues to overcome. Research has shown that materials 

produced via additive manufacturing are subject to the defects including voids, de-lamination, 

and un-melted material [23, 24]. These defects are generally due to improper choice of process 

parameters (input energy, scan rate, hatch width, etc…) and will negatively influence 

mechanical properties [23].  

In order to gain wide acceptance of EBAM of Ti-6Al-4V as a viable manufacturing 

method, it is important to understand broadly the microstructural features that are present in 

large-scale depositions, including specifically: the morphology, distribution and texture of the 

phases present and the composition and residual stress of the material. 

 

2.2 Classification of Titanium Alloys 

Titanium alloys undergo a solid-state phase transformation from the high temperature 

body-centered cubic structure (bcc phase) to the low temperature hexagonal close-packed 

structure (hcp phase). The temperature at which this transformation takes place is referred 

to as the -transus temperature. As seen in Fig. 2.1, the value of this temperature is dependent 

on the composition, i.e. the type and quantity of alloying elements present. The alloying 

elements can be classified as  stabilizers, which increase the -transus temperature, and 

stabilizers which decrease the -transus temperature [24]. 
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Aluminum is arguably the most important stabilizer due to its effects of strengthening 

the titanium alloy through solid solution strengthening and decreasing the density [25]. The 

amount of aluminum is generally restricted to around 6 wt% due to the formation of Ti3Al at 

higher concentrations, which embrittles the Ti-Al alloy [26]. Other  stabilizers include oxygen, 

carbon, and nitrogen. Due to their small atomic radii compared to titanium, these elements 

function as interstitial alloying elements and generally increase the strength while decreasing 

the ductility [26].  

 

 

Fig. 2.1. A Pseudo-binary phase diagram for Ti-6Al-4V. The amount and type of alloying 

elements added to the system affects the transus temperatures as well as which phase 

will be stable at low temperatures [24]. 
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 Beta stabilizers can be classified into two categories: -isomorphous and -eutectoid. 

The -isomorphous elements have complete solid solubility in titanium and include vanadium, 

molybdenum, and niobium. The -eutectoid alloying elements create a eutectoid reaction with 

titanium and include magnesium, iron, and copper [26].  

 The type and quantity of alloying elements will determine which phases are present at 

low temperature (see Fig. 2.1). Titanium alloys can be loosely categorized as , /, or  alloys 

depending on which phases are present at low temperatures. As the names imply,  alloys have 

a single  phase at low temperatures, / alloys contain both phases at low temperatures, and 

 alloys contain a single  phase at low temperatures (at least immediately upon cooling) [27].  

 Alpha alloys are not heat-treatable due to the stable single phase at low to moderate 

temperatures. The microstructure can be modified, however, through cold working and 

annealing, which can increase the strength through controlling the grain size. Solid solution 

strengthening is another way to increase the strength in  alloys. These alloys generally have 

moderate strength, good toughness, but poor formability [27]. 

 Alloys containing both  and  stabilizers will generally have both  and  phases 

present at low temperatures, and thus are referred to as / alloys. The microstructures can 

readily be modified through various heat treatments and/or thermomechanical processing. 

These alloys generally have moderate to high strength, good formability, but poorer creep 

resistance than  alloys [27]. 

 With the addition of  stabilizers, Ti alloys will retain the high temperature  phase upon 

rapid cooling to room temperature. The  phase is only metastable in some of these alloys, thus 
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allowing for age hardening through  precipitation. In other alloys the  phase is stable and age 

hardening does not occur. Beta alloys generally have high strength, good formability, but suffer 

from poor ductility and relatively high densities [27]. 

 

2.3 Microstructures of / Titanium Alloys 

The /titanium alloys allow for a wide variation in microstructure depending on type 

and quantity of alloying elements, heat treatment methods, and thermomechanical processing. 

The  to phase transformation can occur either through nucleation and growth or a 

martensitic transformation depending on the specific composition and cooling rate from the 

heat treatment to room temperature [28]. The material characterized in this work is an / 

alloy (Ti-6Al-4V), thus an overview of the various types of microstructures found in /alloys is 

presented. 

 The microstructure in / alloys can be categorized as either bimodal or lamellar. 

Bimodal microstructures form when heat treatments and/or thermomechanical processing 

occurs below the -transus temperature, while lamellar microstructures result from heat 

treatments and/or thermomechanical processing above the -transus temperature. In both 

cases the overall scale of the features is dictated by the cooling rate, i.e. fast cooling rates 

provide fine features while slower cooling rates allow for coarsening of features. An example of 

the two different types of microstructures is presented in Fig. 2.2. The following sections 

explore these microstructures in more detail. 
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Fig. 2.2. A comparison of bimodal and lamellar microstructures.  Bimodal is shown in (a) 

and lamellar in the form of colonies is shown in (b).   

 

2.3.1 Lamellar 

  Fully lamellar microstructures are found in / titanium alloys that undergo a heat 

treatment and/or thermomechanical processing above the -transus temperature. Such 

material is often referred to as -processed, -annealed, or -solutionized. The  phase 

precipitates from  upon cooling, forming lath or plate like features that are separated by 

retained  ribs. The two phases share an orientation relationship in which certain closed-

packed planes and directions are parallel between  and . This relationship is referred to as 

the Burgers orientation relationship and is expressed as [29]: 

{110}∥

∥2̅0 

(2.1) 

Upon cooling,  first develops at the  grain boundaries. The  laths will grow into the 

grain with several laths running parallel to each other. Each of these parallel  laths belongs 
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to the same crystallographic variant. When five or more  laths run parallel to each other they 

are said to form an  colony. These colonies will continue to extend into the  grain until they 

intersect with laths of a different variant [30]. Fig. 2.3 provides a schematic for the formation of 

 colonies upon cooling. When cooling rates are higher the laths may not organize into a 

parallel structure of five or more laths. Instead, they may begin to cross over and “weave” in 

and out of each other, forming the so-called basketweave microstructure. A comparison of a 

colony vs. basketweave lath structure is shown in Fig. 2.4.  

 

Fig. 2.3. The formation of  colonies upon cooling.  Alpha first nucleates at the grain 

boundary of  grains, and then extends towards the center of the grain. [26].  
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Fig. 2.4. A comparison of (a) colony and (b) basketweave microstructures.   

 

The transformation described in the preceding paragraph results in what is referred to 

as a prior  grain. What was once a  grain at high temperatures transforms into a lamellar 

structure when cooled, but the shape of the  grain remains. The former grain boundary 

becomes decorated with . 

Key features found in the lamellar structure that have an effect on mechanical 

properties include the  colony size, the  lath width, and the amount of basketweave vs. 

colony. Surprisingly, it is thought that prior  grain size should not be considered individually. It 

is believed that basketweave microstructure forms in the center of large prior  grains, while 

mostly colony microstructure forms in smaller prior  grains. Since basketweave is thought to 

be stronger than colony, this leads to a decrease in yield strength with refinement of prior  

grains [31]. Due to the Burgers orientation relationship between the  and  phases, there is 

relatively easy slip transmission through  and  phases within a single colony [32]. Thus,  

colony size determines the effective slip length, and smaller colonies tend to increase strength. 
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Fine  laths and a higher percentage of basketweave will lead to an increase in strength as well. 

Faster cooling rates will decrease colony size and lath width while increasing the amount of 

basket weave, resulting in generally higher strength material.  

Beta processing / titanium alloys has not always been looked at favorably. Forging 

and solutionizing heat treatments within the  phase field can easily result in a coarse 

microstructure, which has a negative effect on properties such as strength, ductility and fatigue.  

However, it is now known that  annealing Ti-6Al-4V has a beneficial effect on fatigue crack 

growth, fracture toughness, and corrosion cracking resistance. Thus, -annealing is currently 

recognized as a viable heat treatment for certain applications [26].  

 

2.3.2 Bimodal 

If an / titanium alloy is subjected to thermomechanical processing below the -

transus temperature, but still within the + region, globularized  will form which does not 

share the Burgers orientation relationship with the  phase. However,  laths also will form 

which do maintain the orientation relationship [33]. The processing steps to achieve a bimodal 

structure are shown in Fig. 2.5. These processing steps result in a microstructure consisting of 

globular, or equiaxed,  along with colonies of  laths separated by  ribs. The parameters of 

the various steps in this process will dictate the size of microstructural features, and therefore 

mechanical properties. These parameters include temperature, hold times, and amount of 

deformation [27, 33]. An example of a bi-modal microstructure can be seen in Fig. 2.2 (a). 
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Fig. 2.5. Processing steps to produce bimodal Ti-6Al-4V.  This process results in globular 

 and small colonies [30]. 

 

2.4 Microstructural Quantification and Property Prediction 

Materials scientists know that chemical composition and method of processing dictates 

microstructure, and microstructure in turn determines properties and real-world performance. 

Historically, it has been difficult to predict properties in multiphase, multicomponent systems 

due to the complex interrelationships among composition, microstructure, and properties. 

Recently, efforts have been made to develop equations to predict mechanical properties such 

as yield strength using artificial neural networks and genetic algorithms [34, 35]. In order for 

such an effort to succeed, there must be a high fidelity database of microstructural features 

and composition for the artificial neural networks to interrogate. Such a database may be 

developed using rigorously derived stereological procedures [36, 37]. Stereology combines 

geometry with statistics and probability to describe the relationships between a three-

dimensional object and two-dimensional images representing that object [38].  
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Artificial neural networks are able to interrogate a database with a number of input 

variables, in this case microstructure and composition, and an output, in this case yield 

strength. The artificial neural networks capture the interrelationships and unknown physics, 

and an equation is generated consisting of a summation of flexible fitting functions. However, 

the form of the generated equation is complex and the interrelationships between 

composition, microstructure, and yield strength are not readily apparent. An assumption is 

made that the generated equation has properly captured the physics, and can be rewritten in 

an equivalent form incorporating legacy theories of strengthening mechanisms such as solid 

solution strengthening and the Hall-Petch relationship. This rewritten equation is optimized 

using genetic algorithms so that the predictions match those of the equation derived using the 

artificial neural networks. The application of this method to an + processed titanium alloy is 

presented below as an example [35].  

Figure 2.6 shows the general method used to construct the equation. First, the database 

is interrogated using the artificial neural networks. A series of virtual experiments are then 

conducted to realize the dependence of yield strength on the microstructure and composition. 

The virtual experiments allow for a single variable to be modified while keeping all others 

constant, which is next to impossible to achieve through experiments. This gives key insights 

into the effect of each individual variable on the yield strength and leads to potential 

strengthening mechanisms involved. A constitutive equation was postulated as 

ys=o+ss+ppt+disp+grain size+interface+… (2.2) 

where o is the intrinsic flow strength of the material, ss is the contribution from solid solution 

strengthening, ppt is the contribution from precipitate strengthening, disp is the contribution 



 14 

from dispersion strengthening, grain size is the contribution from grain size effects, and interface is 

the contribution from interfacial strengthening [35]. An expanded version of this equation, as 

proposed for the + processed titanium, is seen in Equation 2.3. There are many unknowns in 

the equation, which were then optimized using genetic algorithms, which iteratively finds 

solutions leading to optimum results. Equation 2.4 shows the optimized version of Eq. 2.3 after 

the unknowns were solved.  

 

 

Fig. 2.6. The general method used to develop a predictive equation using artificial neural 

networks, genetic algorithms, and Monte Carlo simulations [35]. 
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The same virtual experiments used in the artificial neural networks are then performed 

using the optimized equation from the genetic algorithm. If the results of these virtual 

experiments closely match those from the neural networks, then this shows the constitutive 

equation is a close approximation of the more complex equation generated from the artificial 
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neural networks. Monte Carlo simulations are then used, taking into account the statistical 

uncertainties in the recorded microstructural measurements, to show the two equations are 

equivalent [35]. 
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODS 

 

3.1 Manufacturing Method 

All of the material characterized in this work were produced via the Sciaky (Chicago, IL) 

method of electron beam additive manufacturing. The Sciaky method combines a high-

powered electron beam, weld-wire feedstock, and a large build chamber, enabling the 

production of large structural components. Similar to other additive manufacturing methods, 

the material is deposited onto a substrate in a line-by-line, layer-by-layer fashion. The process 

parameters given below are general values provided by Sciaky for use in producing Ti-6Al-4V 

components, though they cannot be specifically attributed to the material in this work. 

 In the production of the material, wire of nominally 3.17 mm diameter extra low 

interstitial (ELI) Ti-6Al-4V was melted onto a substrate of Ti-6Al-4V using a 9 kW electron beam 

as the heat source, with an energy efficiency of approximately 95%. The process was carried 

out in a vacuum chamber with pressure of ~100 Torr. During an initial “cleaning pass” the 

substrate was pre-heated to ~200 °C prior to the deposition of the material. This cleaning pass 

was used to eliminate any potential debris or contaminates on the surface of the substrate. The 

wire feed stock was at room temperature until being deposited. During the deposition, the heat 

source was moving with a linear speed of ~13 mm/s, producing a melt pool of ~10 mm 

diameter. Taking into consideration the dead time (i.e., time where no material is being 

deposited), the deposition rate was ~6.8 kg/hr. Figure 3.1 shows a schematic of the process, 

including the process coordinates used throughout this work. The X direction is the deposition 
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direction, i.e. the direction in which a single bead of material is deposited. The Y direction is the 

transverse direction, i.e. the direction containing deposited beads that are side-by-side. The Z 

direction is the build direction, i.e. the direction the component is built up layer-by-layer. 

 

 

Fig. 3.1. Schematic of the EBAM system.  The Ti-6Al-4V wire is melted onto a substrate, 

or previously deposited material to build a part line-by-line and layer-by-layer [39]. 

 

3.2 Materials 

The material characterized came from two sources. The first source provided an early 

EBAM build of a simple thin-wall geometry. All of the material was deposited in the X-Z plane, 

i.e. there are no adjacent beads in the transverse section.  There were approximately 25 layers 

deposited in the build direction, with each layer approximately 10 mm in width and 2-3 mm in 

height. As this material is from an early build, there was no closed-loop control system in place 
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during the processing. This material was received as-deposited, i.e. it did not go through any 

heat treatments before arriving at UNT.  

 The second source provided a large number of samples that were subjected to various 

mechanical tests. The results of these tests were compared to the properties of damage 

tolerant titanium plates and forgings in a material qualification effort.  In this effort a total of 

ten preforms were made, the geometry of which was designed to produce a large number of 

test coupons for the various mechanical tests. The preforms were approximately 48 x 78 cm in 

length and width with variable height, resulting in approximately 250 – 300 lbs of deposited 

material per preform. Compared to the thin-wall build, the preforms resulted in a geometry 

more similar to a large block with multiple beads deposited in the Y direction as well as the Z 

direction. A closed-loop control system was utilized for these builds, enabling a more consistent 

fabrication process. All of the preforms were subjected to a -solutionizing heat treatment after 

being deposited but before being sectioned into the test coupons.  

 

3.3 Sample Preparation and Testing Methods 

A cross-section of the as-deposited thin-wall geometry was prepared for 

characterization and hardness testing. The cross-section was cut from the build using a high-

speed saw. The sample was ground using SiC paper through 800 grit, then polished to a mirror 

finish using 0.04 m colloidal silica. The sample was etched using Kroll’s reagent to reveal the 

microstructure and produce contrast for optical imaging. Optical images were taken to study 

the macro and microstructure of the material using a Zeiss microscope and AxioVision software. 

The mosaic acquisition feature was used in AxioVision, which allows for the acquisition of a grid 
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of images that slightly overlap each other. This makes it possible to image a large area at high 

magnifications. Photoshop was used to combine the individual tiles into a single mosaic image.   

 A second sample was sectioned from the as-deposited thin-wall geometry and subjected 

to a -solutionizing heat treatment. The sample was placed in a box furnace set to 1100 °C for 

one hour and was left in the furnace to cool. Optical images were taken and compared to the 

as-deposited material. 

 Vickers micro-hardness testing was performed on the as-deposited sample in order to 

determine if there was any systematic variation of mechanical properties as a function of 

position within the deposition. The hardness instrument was set to a load of 9.807 N for a 

duration of 10 s.  

  Orientation microscopy was conducted via electron backscatter diffraction (EBSD) on 

the same sample used in the hardness testing. The EBSD scan took place in an FEI Nova 230 

NanoSEM scanning electron microscope (SEM). The stage was tilted to 70° and a step size of 

150 nm was used. 

 As mentioned, the samples from the material qualification effort underwent mechanical 

testing prior to arriving at UNT. The results of these mechanical tests were also provided. The 

primary goal of characterizing this material was to quantify the microstructural features and 

obtain bulk composition to populate a high fidelity database that will be used to generate a 

predictive equation for yield strength using neural networks and genetic algorithms.  

A total of 55 fractured tensile specimens were chosen to quantify. An effort was made 

to select specimens spanning the entire range of reported yield strength values. These samples 

are listed as “LM” samples in the database. The fractured specimens were sectioned using a 
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high-speed saw to reveal a cross section of the gauge. The samples were then hot mounted 

using graphite-based conductive powders. The samples were ground and polished to a mirror 

finish, then etched using Kroll’s reagent. After etching, optical mosaic images were taken in 

regions far enough from the fracture surface so that deformation was not apparent. Finally, the 

samples were polished back to a mirror finish, cleaned in an ultrasonicator, and imaged in an 

FEI Quanta SEM. Six SEM images were taken from each sample, again staying away from 

regions showing deformation. The SEM images were collected in backscatter mode using an 

accelerating voltage of 15 kV, spot size of 4.5, and working distance of 7 mm.  

In order to increase the diversity in microstructural size and morphology in the samples 

used to populate the quantification database, an additional 36 samples were cut from fracture 

toughness blocks by electric discharge machining (EDM) and were subjected to a second heat 

treatment with three different cooling rates prior to tensile testing. These samples are labeled 

as “AF” samples in the database. All 36 samples were subjected to a -solutionizing heat 

treatment at 1100 °C for one hour. A third of the samples were left to cool in the furnace, a 

third of the samples were taken out of the furnace and wrapped in insulation, and a third were 

taken out of the furnace and air cooled. Qualitatively speaking, this provided fast, moderate, 

and slow cooling rates. After this second heat treatment, the samples were cut into the 

appropriate size for tensile testing using EDM. This produced a “witness coupon” which was 

used to prepare for characterization. A section of the witness coupon was cut using a high 

speed saw and was prepared and imaged in the same manner described in the preceding 

paragraph. The tensile test coupons were sent to Westmoreland Mechanical Testing and 

Research, Inc. for testing.  
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The above efforts produced a total of 91 samples with tensile test results and a series of 

optical and SEM images capturing microstructural size and morphology near the fracture. 

Previous research has shown key microstructural features affecting strength include phase 

volume fraction,  lath width, colony size, and volume fraction of basketweave [34, 36, 37]. The 

following stereological procedures were performed to quantify these features. 

 

3.3.1 Stereological Methods 

 Stereology is used to describe the relationships between a three-dimensional object and 

two-dimensional images representing that object [38]. The following sections describe the 

stereological methods used to calculate the volume fraction of phases,  lath width, colony 

scale factor, and volume fraction of basketweave microstructure.  

3.3.1.1 Volume Fraction of Phases 

The volume fraction of  was calculated using the SEM images. The grey-scale images 

were subjected to post-processing and thresholding using MIPAR software before volume 

fraction was determined. The post-processing steps included cropping the image to eliminate 

the SEM data bar, levels adjustment to increase contrast, Gaussian blur and subtract to reduce 

noise, a Fast Fourier Transform filter to enhance contrast and sharpen lines, and rejecting small 

features to eliminate any remaining noise. Finally, a threshold value was set to turn the gray 

scale image into a black and white image with black representing the phase and white 

representing the  phase. An example of an original and processed image is shown in Fig. 3.2. 

The volume fraction of  is calculated from the processed image by taking the number of black 

pixels divided by the total number of pixels. MIPAR allows for the creation of a batch recipe 
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that can be applied to a series of images. This enables for a more automated process, reducing 

both personal subjectivity as well as time required for quantification. However, many images 

required the recipe to be modified, primarily due to channeling contrast in the SEM images. 

 

Fig. 3.2. A comparison of an original and post-processed SEM image used for 

quantification.  Original BSE SEM image (a) and the processed image used for 

quantifying volume fraction of and  lath width (b). 

 

 3.3.1.2  Lath Width  

The  lath width was measured using the same processed SEM images produced from 

the volume fraction of phases measurement. An additional step of calibrating a scale was used 

to allow MIPAR to convert lengths measured in pixels to lengths measured in microns. A grid of 

parallel lines was superimposed onto the images and rotated every 5° through 175°. Any 

portion of these lines that intersected the  ribs was removed. The lengths of the remaining 

lines were calculated and then inverted. MIPAR reports the mean of this inverse length, and the 

lath width was then calculated by [36]
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𝛼 𝑙𝑎𝑡ℎ 𝑤𝑖𝑑𝑡ℎ =  
1

1.5 ∗ 𝑚𝑒𝑎𝑛 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
 

(3.1) 

 

 

3.3.1.3 Colony Scale Factor 

For this work, a colony was defined as a cluster of five or more parallel laths. Colonies 

can often form in irregular shapes, making the reporting of their true size difficult. Instead, a 

measure called colony scale factor (CSF) is used. To measure the CSF, a series of random lines 

was superimposed onto the optical mosaic images. A mark was placed anytime a line entered a 

new colony. The total line length divided by the total number of marks was reported as the CSF. 

This gives an effective average length of a colony but does not give any information to the 

shape [36]. Three random line templates were generated using MATLAB, each containing five 

random lines. The templates were overlaid onto the optical images in Photoshop and the 

process of placing marks where a line entered a new colony was done manually. An example of 

this process is shown in Fig. 3.3. For clarity, only a single tile from the mosaic is shown in Fig. 

3.3. The actual size of the full mosaic image is approximately 2 x 1.5 mm. 
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Fig. 3.3. The method used to calculate the colony scale factor. 

 

3.3.1.4 Volume Fraction of Basketweave 

The volume fraction of basketweave microstructure was also measured from the optical 

mosaic images. The images were opened in Photoshop and a new layer was added. Areas of 

basketweave were outlined and filled solid black on this new layer. This layer was saved as a 

separate image and was processed in MIPAR to find the area fraction of pixels deemed to be 

basketweave.  

100 m 
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Fig. 3 .4. Method for calculating volume fraction of basketweave.  An optical mosaic 

image (a) is overlaid with a new layer, the basketweave is identified and filled in (b), and 

then the new layer is isolated (c).  

 

 3.4 Chemical Analysis 

A total of 18 samples from the quantification database were sent to Luvak Laboratories, 

Inc. for bulk chemical analysis. Oxygen content was tested using inert gas fusion while Al, V, and 

Fe were tested using direct current plasma emission spectroscopy. These elements were 

chosen due to their effect on both phase stability and contribution to strengthening the alloy. 

Aluminum and oxygen are  stabilizers and both are known to strengthen the  phase.  

Vanadium and iron are  stabilizers and the quantity present in the alloy will effect how much 

of the phase can be retained at low temperatures. Iron has also been shown to significantly 

increase the  phase [40] 
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3.5 Effect of Orientation on Yield Strength 

The tensile test specimens used to populate the quantification database described in 

the previous section were all oriented parallel to one of the three primary axes. Thirty-six 

additional samples were cut from fracture toughness blocks to test if there is a difference in 

yield strength in samples oriented parallel to a primary axis vs. those off the primary axes. A 

schematic of the orientations tested is presented in Fig. 3.5. The X, Y, and Z samples are parallel 

to their respective directions, X-Y samples are oriented 45° off of both the X and Y axes, Z-X 

samples are oriented 45° off of both the Z and X axes, and Z-Y samples are oriented 45° off of 

both Z and Y axes.  Six samples of each orientation were sent to Westmoreland Mechanical 

Testing and Research, Inc. for tensile testing. 

 

 

Fig. 3.5. Schematic showing various orientations used for tensile testing. 
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3.6 Y-Z Plane Grain Variation 

A spatially periodic variation in grain structure was found in the transverse cross section 

(Y-Z plane) of the material provided from the material qualification effort. The sample 

preparation and stereology procedures outlined above were used to quantify the different 

microstructures seen in this grain variation.   

 

3.7 Voids 

 Robo-Met.3D, a serial sectioning instrument, was used to identify voids in the material. 

Robo-Met.3D combines automated grinding/polishing with imaging, allowing for controlled 

material removal for three dimensional microstructure investigations. For the purpose of this 

work, it was used to remove small amounts of material to detect voids when they are first 

revealed. Once a void was found the sample was taken to the SEM for further analysis.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Thin-Wall Build 

 

4.1.1 As-Deposited Characterization 

An optical image showing the macrostructure of as-deposited Ti-6Al-4V EBAM material 

is presented in Fig. 4.1. Several distinguishable regions can be noted which are characteristic of 

EBAM processed material, and additively manufactured material in general. First, there is 

noticeable penetration into the substrate that can be thought of as a weld nugget and which 

will be referred to as a melt nugget (labeled “A”). Surrounding this melt nugget is a heat-

affected zone where the material was not melted but the microstructure was still affected 

(labeled “B”). There is a noticeable heat-affected zone on each side of the deposition as well. 

This is the result of the pre-heating cleaning pass used to prepare the substrate prior to the 

deposition. The region labeled “C” shows some material has been melted, whereas the region 

labeled “D” is a heat-affected zone.  

Next, a horizontal banded structure is seen normal to the build direction, with sharp 

transition lines separating each band. The first three passes (labeled P1, P2, P3) show a 

noticeable curvature in the transition line beneath each of these bands. The remaining 

transition lines flatten out and become more horizontal as  the build continues. This banded 

structure is a result of the layer-by-layer addition of material, and the separation between each 

band is approximately equal to the height of each added layer. However, the banded structure 
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does not precisely represent each added layer. Instead, it forms from the complex thermal 

excursions the material is subjected to with each added layer. Upon initial deposition, the wire 

feed-stock is melted and rapidly solidifies (pass 1). This material is re-melted with the addition 

of the next layer in the build direction (pass 2). The next added layer (pass 3) does not provide 

enough energy to re-melt the material a third time, but does take it above the -transus. In 

essence, this creates a new heat-affected zone. This solid phase transformation is believed to 

cause the formation of the transition lines separating the layer bands [41]. Due to this process, 

what is labeled as P1, P2, and P3 in Fig. 4.1 does not precisely correspond to individual added 

layers. The remaining passes cause the material to continually experience cyclic heating and 

cooling, effectively annealing the material. 

Lastly, Fig. 4.1 shows the presence of highly elongated columnar grains that cross 

through multiple layer bands. These elongated grains are a form of epitaxial growth, where the 

newly deposited material takes on the structure of the previously deposited layers. This is 

thought to be caused by the steep thermal gradient perpendicular to the solid-liquid interface 

of the melt pool, along with the high partition coefficients of Al and V in Ti-6Al-4V leading to 

low constitutional supercooling ahead of the solid-liquid interface [41]. These grains grow 

parallel to the direction of maximum heat flow. In this case, the substrate acts as a heat sink 

and the elongated grains grow parallel to the build direction. 

Fig. 4.2 shows higher magnification images of the transition from the substrate to the 

melt nugget. Within the weld nugget (Fig. 4.2 (b)) there is basketweave microstructure with 

very fine  laths, while the substrate (Fig 4.2 (c)) is bimodal consisting of equiaxed  along with 

a coarse lamellar structure. The start of an elongated grain can also be seen in Fig 4.2 (b).  
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Fig. 4.1. Macrostructure of an as-deposited thin-wall build.  This image clearly shows the 

elongated grains and horizontal banded structure often seen in additively manufactured 

Ti alloys. 
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Fig. 4.2. Microstructures seen in the transition from the substrate to the deposit.  A 

macro image (a) shows the transition, while (b) is taken from within the weld nugget 

and (c) is taken from the unaffected substrate. 
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4.1.2 -Solutionized Characterization 

Fig. 4.3 shows the thin-wall geometry cross section after the -solutionizing heat 

treatment. The horizontal banded structure is no longer seen post-heat treatment, however the 

elongated  grains are still present in the deposit. The grain boundary which surrounds the 

prior  grains is noticeably coarser after the heat treatment.  

  It is apparent that the microstructure in both the substrate and deposited material 

changed considerably. The substrate changed from bimodal microstructure to a fairly coarse 

lamellar microstructure. The deposited material changed from fine basketweave structure to 

mostly colony, though some of the basketweave remained. While the substrate and deposit 

share the same type of microstructure, there are still differences. First, the feature size in the 

deposit is generally finer than in the substrate. Second, the prior  grains in the deposit are 

generally smaller and more equiaxed compared to the large elongated prior  grains seen in the 

deposit. 
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Fig. 4.3. Microstructures after -solutionizing heat treatment.  The horizontal bands 

have been erased, as seen in image (a), however the elongated grains are still present. 

Image (b) is taken from where the weld nugget formerly was. Image (c) was taken from 

the substrate and shows that the bimodal microstructure transformed to a lamellar 

structure.  
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4.1.3 Hardness Testing 

A graphic summarizing the results of micro-hardness testing is presented in Fig. 4.4. 

Three columns of indents were applied, each column being parallel to the build direction. The 

indents in the columns were spaced 250 m apart from each other, and each column was 

spaced 2 mm apart. The columns passed through five of the layer bands, starting at layer 7 

(layer 1 being closest to the substrate), and crossed four transition lines. The average hardness 

of each row was taken, and each layer band was divided into three sections: bottom, middle, 

and top. The average hardness within each of these three sections for the five layer bands is 

reported. The black arrows show a trend of increasing hardness. Two trends are readily 

apparent. First, hardness increases when going from the top to the bottom of a single layer 

band. Second, hardness increases when crossing from the top of one layer to the bottom of the 

layer above it.  
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Fig. 4.4. Hardness results normal to the layer bands.  Hardness increases from the top to 

bottom of a single layer, and increases when crossing from the top of one layer to the 

bottom of the next layer. 

 

4.1.4 Orientation Microscopy 

Orientation microscopy was used to study the microstructure in and near the transition 

lines in hopes of gaining insight into what is causing the systematic change in hardness values. 

Hardness indents were used as a way to map where the transition line was located, as it was 

difficult to tell in the SEM at high magnifications. Fig. 4.5 shows the general area that the EBSD 

scan took place. The dashed red line indicates the position of the transition line, and the scan 

took place just below the indent that is on this line. Due to the position of the EBSD detector 
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and the sample geometry, the sample was rotated so that the build direction (i.e. Z direction) is 

going from left to right.  

 Fig. 4.6 shows an inverse pole figure (IPF) map (a), grain boundary outline in quaternion 

color (b), and an image quality (IQ) map produced from the EBSD scan (c). All three images 

clearly show a much coarser microstructure within the transition line compared to the adjacent 

regions.  

 Image quality maps can be used to assess the relative stored energy produced from 

residual strain. Elastic strain gradients distort the crystal lattice, reducing the sharpness of the 

Kikuchi bands. The IQ value is based on the sharpness of these Kikuchi bands. Therefore, the 

image quality can be used to provide a relative measure of residual stress [42]. The relative 

stored energy can be mapped out following 

𝐻𝑖 = 𝑘 (1 −  
𝐼𝑄𝑖

𝑓 ∗ 𝐼𝑄𝑚𝑎𝑥
) (4.1) 

 

where Hi  is the stored energy in arbitrary units, IQi is the image quality at point i, IQmax is the 

maximum image quality in the scan, and k and f are constants which set the upper and lower 

bounds of the stored energy distribution. For Ti-6Al-4V, k and f can be set to 70 and 1.3 

respectively [43, 44, 45].  
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Fig. 4.5. Location of the area chosen for the EBSD scan.  The red dashed line traces the 
transition line.   

 
 
Fig. 4.6. Results from the EBSD scan.  The red dashed line traces the transition line.The 

inverse pole figure (a), grain boundary outline (b), and image quality map (c) show 

coarseness in the transition line. 
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The IQ map in Fig. 4.6 (c) shows higher IQ values in the transition line and lower IQ 

values adjacent to the transition line. According to eq. 3, this means there is a lower stored 

energy in the transition line and higher stored energy in the adjacent regions. This may help 

explain the variation in hardness values seen in the layer bands. However, caution should be 

taken making definitive conclusions using the stored energy approach in this case. The 

microstructural features present in the lower IQ areas are very fine, and it is possible the 

electrons are interacting with grains of different orientations just below the surface due to the 

interaction volume of the electrons. This would also lead to a lower IQ value.  

 

4.2 Quantification Database 

The microstructural quantification results are provided in Table 1. The results show 

microstructural size and morphology typical of more traditionally processed Ti-6Al-4V.  Volume 

fraction of the  phase is reported as “% ,” volume fraction of basketweave as “% BW,” and 

colony scale factor as “CSF.” The yield strength values have been normalized, as this 

information is still confidential. The values were normalized according to [46] 

normalized = 
𝜎− 𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥− 𝜎𝑚𝑖𝑛 
 (4.2) 

where normalized is the normalized yield strength, is actual yield strength in, min is    the 

minimum yield strength in the database, and max is the maximum yield strength in the 

database. 

Fig. 4.7 shows plots of yield strength vs. the various microstructural features quantified, 

and Fig. 4.8 contains plots of yield strength vs. composition. A line of best fit was placed on 
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each plot. Unsurprisingly, there is significant scatter in the results and it is difficult to draw any 

conclusions based on these plots. As mentioned in Chapter 2, Ti-6Al-4V has a complex 

microstructure with interrelationships between many different features. This makes it difficult 

to realize the affect a single variable has on yield strength without taking into consideration the 

other variables. There appears to be a negative correlation between yield strength and an 

increase in volume fraction of  and colony scale factor. This is expected as the hcp  phase is 

stronger than the bcc  phase, and the colony size dictates the effective slip length. There 

appears to be a slightly positive correlation between yield strength and an increase in volume 

fraction basketweave and  lath width. The correlation with basketweave is expected as that is 

a stronger feature than colony, however the correlation with  lath width is opposite of what is 

expected. 

 The quantification procedures were automated wherever possible but still required a 

significant amount of labor and subjectivity, especially in calculating the volume fraction of 

basketweave and colony scale factor.  

 Initially, the goal was to obtain bulk composition for all samples in the database. Upon 

receiving the results from the first 18 samples it was decided to explore other methods of 

chemical analysis. The testing company split each sample into two separate specimens and 

performed two separate tests. The reported value is the average of these two tests. The 

duplicate test results were obtained to see the variation in results. It was found that Al content 

varied by as much as 0.5 wt% and V by as much as 1.1 wt% within a single sample. This implies 

there is either a fairly significant variation in composition over a relatively small length scale, or 
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the testing methods are not suitable to capture the required accuracy. In either case, other 

methods of obtaining composition are being explored.  

 

Table 4.1. Microstructural Quantification Database. 

 
 Sample 

Specimen 
Orientation 

Normalized 
YS 

 %  
%  
Std 
Dev 

%  
Coeff 
Var 

Lath 
Width 

(m) 

 Lath 
Width 

Std 
Dev 

 Lath 
Width 
Coeff 
Var. 

% BW 
CSF 

(m) 

AF 1 X 0.371 12.1 0.705 0.058 0.26 0.013 0.049 99.58 60.02 

AF 2 X 0.328 10.2 0.895 0.088 0.28 0.019 0.067 99.62 36.12 

AF 3 X 0.211 10.4 0.747 0.072 0.25 0.017 0.069 97.23 57.48 

AF 4 X 0.203 11.9 1.437 0.121 0.23 0.019 0.082 98.48 71.59 

AF 5 x 0.352 11.7 0.599 0.051 0.27 0.022 0.081 87.52 99.19 

AF 6 x 0.277 10.0 1.505 0.151 0.34 0.033 0.096 77.66 133.73 

AF 7 x 0.406 10.8 0.798 0.074 0.27 0.019 0.069 98.61 41.19 

AF 8 x 0.367 11.5 1.006 0.088 0.28 0.027 0.096 83.62 146.33 

AF 9 x 0.371 10.8 0.466 0.043 0.72 0.096 0.132 1.08 154.97 

AF 10 x 0.520 10.9 0.696 0.064 0.74 0.038 0.052 4.51 188.97 

AF 11 x 0.500 11.4 0.728 0.064 0.75 0.127 0.170 3.99 109.57 

AF 12 x 0.426 10.4 0.335 0.032 0.79 0.111 0.141 1.44 119.26 

AF 13 y 0.508 11.3 0.507 0.045 0.27 0.027 0.099 98.57 65.48 

AF 14 y 0.352 13.2 1.061 0.080 0.68 0.077 0.114 0.98 160.05 

AF 15 z 0.270 10.2 0.758 0.074 0.31 0.029 0.092 97.29 113.80 

AF 16 z 0.539 12.1 0.822 0.068 0.33 0.029 0.087 99.05 37.68 

AF 17 z 0.316 12.3 1.560 0.127 0.25 0.026 0.104 20.43 146.51 

AF 18 z 0.105 12.5 0.390 0.031 0.25 0.022 0.090 25.24 222.26 

AF 19 y 0.301 10.7 1.196 0.112 0.67 0.067 0.100 0.70 139.70 

AF 20 y 0.063 11.8 0.972 0.082 0.26 0.022 0.085 76.20 63.76 

AF 21 y 0.242 11.5 0.686 0.060 0.33 0.013 0.039 3.36 87.79 

AF 22 z 0.406 11.5 0.824 0.071 0.27 0.033 0.120 66.88 86.93 

AF 23 z 0.422 12.1 0.577 0.048 0.30 0.038 0.128 28.48 85.45 

AF 24 z 0.281 12.0 0.303 0.025 0.31 0.031 0.100 0.55 160.98 

AF 25 z 0.414 11.2 0.533 0.048 0.66 0.111 0.167 0.51 189.89 

AF 26 y 0.121 11.8 0.813 0.069 0.28 0.030 0.109 0.32 219.76 

AF 27 y 0.047 11.6 0.592 0.051 0.30 0.041 0.135 6.78 86.21 

AF 28 y 0.023 10.7 1.306 0.122 0.23 0.023 0.098 99.77 49.10 

AF 29 y 0.543 11.6 0.762 0.066 0.33 0.051 0.156 98.98 31.76 

AF 30 z 0.703 11.5 0.980 0.086 0.39 0.038 0.098 97.71 32.39 

AF 31 z 0.496 11.5 0.916 0.079 0.27 0.013 0.049 98.37 34.00 

AF 32 z 0.340 12.8 0.842 0.066 0.27 0.027 0.102 61.82 101.57 

AF 33 y 0.699 11.7 0.980 0.083 0.26 0.019 0.074 93.25 98.52 

AF 34 y 0.520 11.1 1.041 0.094 0.73 0.111 0.152 0.33 166.89 
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 Sample 

Specimen 
Orientation 

Normalized 
YS 

 %  
%  
Std 
Dev 

%  
Coeff 
Var 

Lath 
Width 

(m) 

 Lath 
Width 

Std 
Dev 

 Lath 
Width 
Coeff 
Var. 

% BW 
CSF 

(m) 

AF 35 y 0.516 11.2 1.720 0.153 0.29 0.033 0.111 0.51 238.12 

AF 36 z 0.652 11.2 0.488 0.043 0.67 0.049 0.074 1.75 154.61 

LM A001 x 0.113 10.5 0.329 0.031 0.67 0.101 0.150 2.24 215.72 

LM A004 x 0.027 11.5 0.765 0.067 0.64 0.096 0.149 0.75 396.05 

LM A012 x 0.340 9.7 0.601 0.062 0.73 0.063 0.086 6.69 147.35 

LM A013 x 0.328 9.3 0.241 0.026 0.73 0.097 0.133 5.43 127.74 

LM A022 y 0.285 10.3 1.699 0.164 0.76 0.152 0.200 0.56 232.47 

LM A031 y 0.430 9.1 1.201 0.131 0.67 0.071 0.106 4.86 158.25 

LM A032 y 0.352 9.7 0.815 0.084 0.72 0.126 0.175 3.43 120.54 

LM A057 z 0.148 10.2 0.495 0.049 0.78 0.122 0.156 2.63 212.05 

LM A059 z 0.156 8.6 3.606 0.418 0.77 0.123 0.161 4.68 177.80 

LM B018 x 0.375 10.7 1.313 0.123 0.73 0.099 0.136 3.63 138.11 

LM B031 y 0.414 10.2 1.101 0.108 0.74 0.155 0.210 2.23 117.33 

LM B033 y 0.496 9.8 1.101 0.112 0.72 0.179 0.247 1.10 156.60 

LM B034 y 0.531 10.6 1.486 0.140 0.72 0.040 0.056 1.33 135.12 

LM B037 y 0.449 10.1 0.587 0.058 0.77 0.103 0.135 2.49 135.72 

LM C021 y 0.172 10.6 0.390 0.037 0.66 0.089 0.135 1.48 219.09 

LM C024 y 0.059 10.2 1.280 0.125 0.65 0.643 0.637 2.33 147.47 

LM C025 y 0.102 10.9 0.605 0.056 0.72 0.705 0.700 1.12 174.28 

LM C038 y 0.512 8.8 1.776 0.201 0.77 0.785 0.811 1.65 149.62 

LM C039 y 0.465 10.3 0.575 0.056 0.72 0.710 0.695 2.11 166.70 

LM C045 z 0.074 10.5 0.932 0.089 0.72 0.704 0.719 6.03 130.17 

LM C059 z 0.309 9.7 1.305 0.135 0.81 0.818 0.819 5.39 80.68 

LM C060 z 0.320 10.7 0.787 0.073 0.79 0.798 0.780 4.92 141.36 

LM D003 x 0.234 9.6 0.383 0.040 0.76 0.738 0.729 0.38 118.33 

LM D017 x 0.871 10.0 0.705 0.071 0.74 0.690 0.704 1.79 114.10 

LM D038 y 0.520 9.2 0.757 0.082 0.75 0.754 0.713 0.72 135.37 

LM D039 y 0.449 9.7 0.797 0.083 0.80 0.862 0.870 0.74 103.06 

LM D040 y 0.488 9.0 0.840 0.093 0.79 0.787 0.795 0.89 124.80 

LM D045 z 0.297 11.6 1.316 0.113 0.77 0.773 0.768 0.28 153.60 

LM D046 z 0.363 10.1 1.045 0.104 0.80 0.793 0.804 2.51 136.53 

LM D052 z 0.391 10.1 1.045 0.104 0.80 0.793 0.804 1.89 137.71 

LM D054 z 0.242 9.7 0.596 0.062 0.74 0.708 0.726 0.95 202.20 

LM E006 x 1.000 9.5 1.031 0.108 0.82 0.829 0.842 2.30 122.88 

LM E012 x 0.273 10.9 0.617 0.056 0.73 0.711 0.707 3.19 164.91 

LM E034 y 0.410 9.6 0.715 0.075 0.69 0.696 0.681 3.91 81.50 

LM E035 y 0.363 8.9 0.470 0.053 0.83 0.837 0.849 3.37 83.20 

LM E036 y 0.465 9.8 0.571 0.058 0.74 0.740 0.749 3.34 98.60 

LM E037 y 0.391 9.9 0.726 0.073 0.78 0.775 0.767 1.21 141.36 

LM E039 y 0.406 9.9 0.319 0.032 0.77 0.783 0.767 2.77 111.71 

LM E043 z 0.656 10.7 0.942 0.088 0.71 0.720 0.729 0.89 100.47 

LM E057 z 0.137 10.0 0.368 0.037 0.76 0.753 0.754 1.85 104.41 

LM F011 x 0.480 9.0 0.557 0.062 0.82 0.851 0.853 2.16 92.34 
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 Sample 

Specimen 
Orientation 

Normalized 
YS 

 %  
%  
Std 
Dev 

%  
Coeff 
Var 

Lath 
Width 

(m) 

 Lath 
Width 

Std 
Dev 

 Lath 
Width 
Coeff 
Var. 

% BW 
CSF 

(m) 

LM F024 y 0.082 10.7 0.654 0.061 0.68 0.666 0.677 0.49 196.62 

LM F032 y 0.457 10.2 1.448 0.143 0.66 0.664 0.674 0.93 128.82 

LM F034 y 0.492 9.0 0.615 0.068 0.79 0.771 0.782 0.96 150.70 

LM F045 z 0.191 10.6 0.908 0.086 0.71 0.703 0.695 0.30 142.63 

LM F060 z 0.156 9.5 0.859 0.090 0.80 0.788 0.795 0.52 124.80 

LM J001 x 0.375 9.2 1.145 0.124 0.84 0.859 0.837 0.61 129.87 

LM J002 x 0.148 9.9 0.966 0.097 0.76 0.745 0.721 0.45 111.71 

LM J008 x 0.043 10.0 0.755 0.076 0.74 0.722 0.722 1.60 169.94 

LM J032 y 0.496 9.5 0.958 0.101 0.81 0.807 0.801 1.98 93.42 

LM J033 y 0.488 9.7 1.082 0.111 0.77 0.779 0.817 1.77 192.46 

LM J036 y 0.195 9.4 0.823 0.088 0.75 0.737 0.725 1.89 109.41 

LM J041 z 0.187 10.2 0.698 0.069 0.71 0.715 0.703 0.61 158.16 

LM J042 z 0.000 10.3 1.209 0.117 0.75 0.760 0.781 1.25 159.74 

LM J050 z 0.398 9.3 0.457 0.049 0.74 0.756 0.754 1.72 106.49 
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Fig. 4.7. Plots of normalized yield strength vs. microstructural features.  Total % phase (a), average  lath width (b), Total % 

basket weave (BW) (c), and colony scale factor (CSF) (d). 
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Fig. 4.8. Plots of normalized yield strength vs. composition.  Aluminum (a), Vanadium (b), Iron (c), and oxygen (d). 
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4.3 Effect of Orientation on Yield Strength 

The results comparing yield strength in specimens oriented along a primary axis vs. 

those 45° off the primary axes are presented in Fig. 4.9. There is a 5.4% increase in yield 

strength for the off axis samples compared to on axis samples. This may be explained through 

the crystallographic considerations described below. 

In the little literature available on the critical resolved shear stress for the different slip 

systems, crss of prism slip is ~40 MPa and crssfor basal slip is ~110 MPa  [47]. EBAM deposited 

Ti-6Al-4V is known to have a strong <001> growth texture [35]. This texture results in 4 of the 6 

unique {110}planes being oriented 45° away from all three primary axes. For the bcc phase, 

the dominant slip system is {110} planes and <111> directions. This means the slip systems are 

oriented such that they experience a high resolved shear stress relative to the uniaxial tensile 

test. Also, the Burgers orientation relationship, which follows 

{110}∥

∥2̅0 

(4.4) 

places the basal planeof 8 of the 12 variants 45° from the Z axis, which is also a 

favorable orientation for a high resolved shear stress.  
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Fig. 4.9. Effects of sample orientation on yield strength.  Samples oriented along the X, 

Y, and Z directions on average have a 5.4% deficit in yield strength compared to samples 

oriented off axis. 

 

4.4 Y-Z Plane Grain Variation 

Fig. 4.10 shows spatially periodic grain variation across the transverse cross section (Y-Z 

plane). This was first seen in the cross section of a large block of material (4.10 (b)), but was 

also found in the Y-Z cross section in a sample cut from a fracture toughness block (4.10 (a)). 

The grain variation consists of long columns parallel to the Z direction. The grain structure 

within these columns alternates with one column containing grains that are more horizontally 

oriented (“horizontal” column type), with adjacent columns containing grains that are more 

vertically oriented (“vertical” column type). The vertically oriented grains are similar to the 

elongated grains seen in the simple thin-wall build. These grains formed in the thin-wall build in 

the direction of maximum heat flow, which was in the Z direction due to the substrate acting as 

a heat sink. For the material shown in Fig. 4.10 there was not only beads deposited one on top 
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of another, but also adjacent to each other, i.e. a “block” instead of a “wall” geometry. Thus, it 

is reasonable to suspect that not only is the substrate acting as a heat sink, but the previously 

deposited material adjacent to the melt pool is acting as a second heat sink resulting in the 

grains which are horizontally oriented.  

 Hardness testing was performed across the columns but no systematic variation was 

found. The indents were used as a tool to map where the different columns are located to 

assist with imaging. SEM and optical images were captured within one horizontal column and 

two vertical columns. The images were then quantified and compared. The results are provided 

in Table 2 and example micrographs from the different column types are shown in Fig. 4.11. 

The vertical column type had larger  laths, a smaller CSF value, and less basketweave 

microstructure compared to the horizontal column type.  

Interestingly, it was noted that within the tensile test data reported in sections 4.2 and 

4.3 there was more scatter in the X and Z orientations compared to Y. This may be explained by 

considering the variation in grain morphology seen here. It is likely that some of the X and Z 

samples were primarily within one type of column, while the Y samples would always be 

crossing over multiple column types.  
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Fig. 4.10. Spatially periodic grain variation in the Y-Z plane.  A sample cut from a fracture 

toughness block (a), and a large block build (b). 
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Fig. 4.11. SEM and optical images of the Y-Z grain variation.  Images (a) and (c) are from 

the “horizontal” column type, (b) and (d) are from the “vertical” column type.  

 

Table 4.2 Quantification of Y-Z Grain Variation 

Column 
Type 

%  
 Std 
Dev

 Coeff 
Var

 Lath 
Width 

(m)

 Lath 
Std 
Dev

 Lath 
Coeff Var

CSF 

(m) 
% 

BW 

Vertical 1 10.2 0.667 0.065 0.70 0.008 0.108 89.40 1.73 

Vertical 2 10.9 0.994 0.091 0.72 0.072 0.100 103.85 1.38 

Vertical 
Avg 

10.5 0.900 0.085 0.71 0.072 0.102 96.36 1.56 

Horizontal 10.8 0.710 0.066 0.62 0.085 0.136 162.00 12.58 
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4.5 Fracture 

 

 The cross-sections and tops of fractured surfaces from the fractured tensile specimens 

were also studied in the SEM. The following figures show typical features seen in the fractured 

specimens. Fig. 4.12 shows the cross section at the fractured surface. The laths have a 

noticeable curvature to them due to the amount of deformation, and several small pores are 

seen at the interface of /lathsFig. 4.13 shows a large crack that starts at the surface of the 

tensile specimen gauge and cuts through a colony. When the crack reaches the end of the 

colony, it changes direction by approximately 90° and cuts through a new colony. In both cases 

the crack is normal to the / laths. This crack is located approximately 1 mm below the 

fractured surface. Fig. 4.14 shows what is likely the formation of a crack. Several small pores at 

/ interfaces form along a single line, which appears to lie on a shear band. The shear band is 

noted by the discontinuous  ribs, which have been offset due to localized strain. Two shear 

bands are seen in this micrograph. Finally, Fig. 4.15 shows the top of a fractured surface in 

secondary electron mode. Several flat features were noted in each sample, which have similar 

dimensions to the CSF measurements. These are believed to be colonies that fractured due to 

the small crack pores (Fig. 4.15) coalescing and forming large cracks (Fig. 4.14), which 

effectively cut through the colonies causing intra-colony fracture.  
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Fig. 4.12. Cross-section of a fractured surface. Bending of laths and the formation of 

pores at the / interfaces is seen. 

 

 

Fig. 4.13. Cross-Section of a crack approximately 1 mm below the fractured surface.  



 53 

 

Fig. 4.14. Small crack-pores forming along a shear band 

 

   

Fig. 4.15. The top of a fractured surface. Flat features were noted, seen in (a) and (b). 

These are believed to be the result of intra-colony fracture. 
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4.6 Voids 

 During sample preparation and imaging voids were found in several samples. The size of 

these voids ranged from approximately 50-350 microns in diameter. The first of these were 

found by luck after grinding/polishing, and appeared to be completely hollow (see Fig. 4.16). In 

hopes of seeing a more complete morphology of the void, serial sectioning was performed 

using Robo-Met.3D. This enabled the detection of a void soon after it was revealed, at which 

point the sample was taken to the SEM for further analysis. The SEM analysis revealed material 

inside the voids (see Fig. 4.17). It may be that if polished long enough, the material in these 

voids eventually is pulled out, leaving what appears to be a hollow void as seen in Fig. 4.17.  

 

 

Fig. 4.16.  A Hollow void.  
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Fig. 4.17. Voids with material inside. Image (a) shows more porous material inside the 

void, while (b) shows more solid material. Neither sample was fine polished or cleaned, 

however (a) was etched to reveal the microstructure.  

 

Gong et al. found similar voids in Ti-6Al-4V produced from selective laser melting [22]. 

They hypothesized the voids form due to an excess input energy causing low melting point 

constituents to vaporize, which results in the formation of gas bubbles. Due to the rapid 

solidification, these gas bubbles are not able to rise and escape and are instead frozen into the 

material. In another study, it was found that aluminum evaporation occurs in the electron 

beam cold-hearth melting of Ti-6Al-4V [48]. Thus, it is possible the voids are formed due to the 

vaporization of aluminum creating gas bubbles that are frozen into the material during the 

EBAM processing.  

 Voids were not found on the fractured surfaces of the tensile specimens, and there was 

no correlation seen between samples with voids present and yield strength values. However, it 

should be noted that during preliminary fractography of fatigue tested samples voids were 
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found on the fractured surfaces. It is believed these voids act as stress concentrators leading to 

cracking and fracture in fatigue tested samples.  
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

 

5.1 Summary 

Ti-6Al-4V produced via the Sciaky electron beam additive manufacturing process has 

been characterized in the as-deposited condition as well as after being subjected to a -

solutionizing heat treatment. A high fidelity database was constructed quantifying the 

microstructural features most likely to have an effect on yield strength. Rigorous stereological 

methods were followed to populate this database.  The size and morphology of the 

microstructural features (volume fraction of phases,  lath width, CSF, % basketweave) were 

found to be typical of traditionally processed Ti-6Al-4V. Other features on a more macro-scale, 

including elongated grains and banded structures, are unique to additively manufactured 

material. 

 Tensile testing of various orientations revealed samples oriented along a primary axis 

are weaker than samples oriented 45° off axis. This was explained using crystallographic 

considerations based on texture and slip systems.  

 Analysis of fractured tensile specimens revealed that cracks form through colonies, 

cutting perpendicularly to laths, leading to intra-colony fracture. Finally, voids were found in 

the material which may be caused by vaporization of aluminum creating small gas bubbles 

which are frozen into the material.  
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5.2 Future Work 

In order to complete the quantification database, chemical analysis on the remaining 

samples should be done. The results from the tensile tests presented in section 4.3, and the 

texture in EBAM Ti-6Al-4V reported elsewhere [35], suggests that orientation and/or texture 

should be included in this database to fully capture the parameters effecting yield strength. 

One possible method to incorporate texture into the database is to measure the texture 

coefficient using x-ray diffraction. It may be possible to then relate the texture coefficient to 

sample orientation, allowing for sample orientation to be included into the database instead of 

texture.  Once the database is complete, neural networks and genetic algorithms can be used to 

interrogate the database and develop a predictive equation for yield strength [34, 35]. This 

equation will provide further insight into the interrelationships between composition, 

microstructure, and properties.  

 Orientation microscopy, including EBSD and TEM, should be used to study the fractured 

specimens and gain insight into the various deformation mechanisms that are at play.  

 The grain variation in the Y-Z transverse plane should be further studied. This should 

include micro-tensile testing to see if the grain structure in the different column types 

influences the yield strength. Chemical analysis and orientation studies of the different grain 

types would also be useful. 

 Finally, the voids should be studied further. Chemical analysis of the material found 

within the voids may give insight into whether or not these are caused by evaporation of lower 

melting point constituents. A focused ion beam instrument may also be used to cut a trench 
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crossing from the bulk material to the material within the void to see how well the material is 

fused and to see if there is any difference in microstructure.  
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