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ABSTRACT

Electron Beam Additive Manufacturing (EBAM) is a relatively new additive
manufacturing (AM) technology that uses a high-energy electron beam to melt and fuse powders
to build full-density parts in a layer by layer fashion. EBAM can fabricate metallic components,
particularly, of complex shapes, in an efficient and cost-effective manner compared to
conventional manufacturing means. EBAM is an enabling technology for rapid manufacturing
(RM) of metallic components, and thus, can efficiently integrate the design and manufacturing of
aerospace components. However, EBAM for aerospace-related applications remain limited
because the effect of the EBAM process on part characteristics is not fully understood. In this
study, various techniques including microhardness, optical microscopy (OM), X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), and electron backscatter diffraction (EBSD)
were used to characterize Ti-6Al-4V components processed using EBAM. The results were
compared to Ti-6Al-4V components processed using conventional techniques. In this study it is
shown that EBAM built Ti-64 components have increased hardness, elastic modulus, and yield
strength compared to wrought Ti-6Al-4V. Further, it is also shown in this study that the
horizontal build EBAM Ti-6Al-4V has increased hardness, elastic modulus, and yield strength
compared to vertical build EBAM due to a preferential growth of the β phase.
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CHAPTER 1
INTRODUCTION
1.1 Ti-6Al-4V
Titanium (Ti) and its alloys are used in many industries, but mostly in the aerospace and
automobile industries due to its favorable combination of mechanical and chemical properties
[2]. These mechanical properties are directly influenced by microstructure which is in turn
directly influenced by processing and thermal treatment [3]. Ti is generally stable at certain
temperature ranges. The stable phase at low temperature is α, which has a hexagonal closepacked (HCP) structure. Pure Ti undergoes a phase transformation from α to a body centered
cubic (BCC) phase (β) at 882 °C, and remains stable up to the melting point. Ti alloys are
usually categorized into four groups that depend on the major phase or phases present in their
microstructure: α, β, α+β alloys, and intermetallics [4]. The addition of alloying elements to Ti
yields a wide range of chemical and mechanical properties; Al, C, N, and O are α-stabilizers,
while Mo, Nb, Ta, and V are β-stabilizers. The unit cells for α and β Ti are shown in Figure 1.1
[1].
Ti-6Al-4V (Ti-64) is the most widely used titanium alloy due to its versatile combination of
strength and other mechanical properties that it retains even at high temperatures. Because of
this, Ti-64 is highly used in the aeronautics and aerospace industries, but due to its biological and
chemical inertness it is also used extensively in both the medical and dental industries [5-7].
Because of its corrosion resistance, Ti-64 is also used in pipes and deep-sea oil wells.
RecentlyTi-64 has been used in jewelry, architecture, outdoor equipment, and sporting goods Ti1

64 has two allotropic phases present; the BCC β-phase that is stabilized by the 4% vanadium and
the HCP structured α-phase that is stabilized by the 6% aluminum [8]. At room temperature, the
alloy is comprised mostly of α. However, at the β transus temperature, around 980-996 °C, [9]
the β-phase becomes completely stable up to the melting point [10]. A rapid cooling rate, i.e.
above 137 °C/s [11] from the homogeneous β produces martensitic α-phases [12]. A slower
cooling rate below the β transus temperature leads to a diffusion controlled nucleation and
growth process: grain boundary α-phase may grow at the β-grain boundaries or a plate-like α´
structure may form within the prior β grains at lower temperatures [13]. The plate-like α´
structure is known as Widmanstätten

Figure 1.1 Unit cells of (a) α-phase Ti and (b) β phase Ti. Figure adapted from [1].
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1.2 Electron Beam Welding of Ti-64
Electron beam Welding (EBW) is a commonly used welding technique that is quite
similar to the process explored in this work. For EBW, an electron beam is used to join metals.
While the parent metals are largely unaffected, the weld joint and the heat affected zone (HAZ)
undergo a change at the microstructural level. Because of this noteworthy similarity to electron
beam additive manufacturing (EBAM), the microstructures for EBW of Ti64 found in the
literature were used as a baseline for understanding the microstructures for EBAM Ti-64 in this
study. In many of the EBW studies, researchers found that conventional stringer bead welding
caused a reduction in Charpy impact toughness. But with more beads came an increase in many
of the mechanical properties such as ultimate tensile and yield strengths as well as impact
toughness and hardness at the weld and the heat affected zone (HAZ) [1,2]. The researchers
believed that the multiple passes in the same weld bead caused a decrease in the overall cooling
rate and thus, created more of the martensitic needle structure that is shown to be stronger than
the parent material.
1.3 Additive Manufacturing
EBAM has been widely used to manufacture metals and alloys, especially titanium and
its alloys. EBAM is one of the few AM (additive manufacturing) technologies capable of
making full-density metallic parts in a layer-by-layer fashion and has therefore dramatically
extended the applications of EBAM [3-7]. The inside of a typical EBAM machine is shown in
Figure 1.2 [5]. It is important to note that the chemical composition for Ti-64 used in EBAM is
different from other commercial uses, as is shown in Table 1.1 [8].
EBAM represents a promising opportunity to increase the use of titanium alloys due to its
process versatility and flexibility, the non-reactive environmental requirements, and its rapid
3

processing and minimal waste. Furthermore, EBAM offers a more efficient and cost effective
way to manufacture titanium parts. This is accomplished by a dedicated effort to improve upon
the manufacturing process itself to result in a higher-quality product while simultaneously
reducing processing costs once the part is completed. Therefore, the use of EBAM to process
titanium alloys such as Ti-64 represents a viable means of manufacturing fully functional, netshaped parts for aerospace and medical applications at both a cost and time efficient manner.
Since EBAM is a relatively new technology, there are still many aspects that have yet to
be fully understood such as the microstructure evolution and phase transformations. The
morphology of the microstructure is critical in the determination of the properties of the
components and to date, it is not fully understood what effect the EBAM process has on
component characteristics. The mechanical properties of titanium alloys are dependent on the
microstructure, which is determined by the thermo-mechanical processing and thermal treatment.

4

Figure 1.2 Inside of an EBAM Machine.
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Table 1.1 Chemical Specification of Ti-64
Arcam Ti6Al4V,
Typical

Ti6Al4V,

Ti6Al4V,

(ASTM F1108;
Required for Cast)

(ASTM F1472;
Required for
Wrought)

Aluminum, Al

6%

5.5-6.75%

5.5-6.75%

Vanadium, V

4%

3.5-4.5%

3.5-4.5%

Carbon, C

0.03%

< 0.1%

< 0.08%

Iron, Fe

0.1%

< 0.3%

< 0.3%

Oxygen, O

0.15%

< 0.2%

< 0.2%

Nitrogen, N

0.01%

< 0.5%

< 0.05%

Hydrogen, H

0.003%

< 0.015%

< 0.015%

Titanium, Ti

Balance

Balance

Balance
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1.4 Background and Motivation
As previously stated, the mechanical properties of titanium alloys are dependent upon
microstructure, which in turn is dependent upon thermo-mechanical processing and thermal
treatments [1-4,9-18]. One aim of this research is to identify some the mechanical properties
present in Ti-64 fabricated by EBAM and the resultant microstructural evolution. However the
main goal of this work is to directly compare these results to those of a conventional wrought Ti64.
Grain and colony size of α/β Ti alloys is still a hotly debated topic. There are several
different standards already in use for characterizing grain and colony size based on images.
However, the quantification of microstructural features in α/β Ti alloys is extremely difficult
[19]. There are two main reasons to explain the difficulty. Firstly, the microstructure of Ti-64 is
complex and contains features that span a wide range of size scales: from sub-micron to the order
of millimeters. Secondly, the information available from a two-dimensional section of the
micrograph is insufficient to understand three-dimensional aspects. Therefore without making
assumptions about shape and morphology, determining size is difficult [20]. This work does not
aim to settle the debate, but merely to contribute to the available data. We will also investigate if
there is a preferred direction for grain growth as a function of processing parameters (i.e. build
direction).
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CHAPTER 2
RESEARCH OBJECTIVES AND ORGANIZATION
Ti-64 was originally designed to be a wrought alloy and casting, forging and machining
are used to manufacture titanium products [1]. It is well known that processing determines
microstructure and that in turn determines properties [2-8]. While the properties of wrought Ti64 are well known, this work will further elucidate the microstructures of Ti-64 components
processed by EBAM and compare the microstructures to the already understood microstructures
of wrought Ti-64 and by doing so, this work also aims to show that the EBAM process produces
microstructural properties in Ti-64 that are as good or better than those of wrought Ti-64. To
that end, the overall the objectives of this dissertation are devoted to:
(1) The microstructural evolution due to the EBAM process and its effect on the
mechanical properties of Ti-64.
(2) XRD and preferential β grain growth as a function of build direction.
(3) Texture, microstructural modeling and EBSD simulation of EBAM Ti-64.
2.1 Dissertation Organization
This is an article-based dissertation. Each chapter consists of an article that is ready for
submission for publication. Chapter 3 presents the microscopy and microhardness of Ti-64
components made by EBAM and directly compares the results with those of wrought Ti-64. In
Chapter 4, XRD and preferential grain growth as a function of build direction (i.e. vertical and
horizontal) is investigated. The preferential growth affects mechanical properties with respect to
11

build direction. In addition, failure modes of Ti-64 are investigated via SEM. Chapter 5 is
devoted to EBSD with an emphasis on texture modeling and analysis of the Ti-64
microstructure.
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CHAPTER 3
MICROHARDNESS AND MICROSCOPY OF TI-6AL-4V COMPONENTS MADE BY
ELECTRON BEAM ADDITIVE MANUFACTURING

Abstract
Electron Beam Additive Manufacturing (EBAM) is a relatively new additive
manufacturing (AM) technology that uses a high-energy electron beam to melt and fuse powders
to build full-density parts in a layer by layer fashion. EBAM can fabricate metallic components,
particularly, of complex shapes, in an efficient and cost-effective manner compared to
conventional manufacturing means. EBAM is an enabling technology for rapid manufacturing
(RM) of metallic components, and thus, can efficiently integrate the design and manufacturing of
aerospace components. However, EBAM for aerospace-related applications remain limited
because the effect of the EBAM process on part characteristics is not fully understood. In this
study, the microscopy and hardness of Ti-6Al-4V (Ti-64) components made by EBAM were
investigated and compared to those of wrought Ti-64 components.
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3.1 Introduction
Electron beam additive manufacturing (EBAM) is a relatively new additive
manufacturing (AM) technique that is able to build full density parts in a layer-by-layer fashion
using an electron beam to melt and fuse powders. AM techniques use 3D model data to build
layer upon layer and are thus different from subtractive manufacturing techniques where material
is removed [1]. Electron beam melting (EBM) is one of the few AM technologies capable of
making full-density metallic parts and has therefore dramatically extended its applications [1-5].
Since EBM is a relatively new technology, there are still many aspects that have yet to be fully
understood such as the microstructure evolution and phase transformation. The morphology of
the microstructure is critical in the determination of the properties of the components and to date,
it is not fully understood what effect the EBAM process has on component characteristics. The
mechanical properties of titanium alloys are dependent on the microstructure, which is
determined by the thermo-mechanical processing and thermal treatment. The main focus of this
study is to investigate the microstructure of Ti-64 components made by EBAM and directly
compare the observed microstructure to Ti-64 components made by conventional means.
The Ti-6Al-4V (Ti-64) alloy has an excellent combination of properties such as corrosion
resistance, a high strength-to-weight ratio and low density that have made it the material of
choice in many industrial applications including aerospace [6]. Ti-64 has two allotropic phases
present: the body centered cubic (BCC) β-phase that is stabilized by the 4% vanadium and the
hexagonal close-packed (HCP) structured α-phase that is stabilized by the 6% aluminum [7,8].
The mechanical properties of titanium alloys are dependent upon microstructure, which in turn is
dependent upon thermo-mechanical processing and thermal treatments [1,5,7-18]. At room
temperature, the alloy is comprised mostly α, but at the β transus temperature, around 980-996
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°C [10], the β-phase becomes completely stable up to the melting point [19]. A rapid cooling
rate from the homogeneous β produces martensitic α-phases [20]. However if there is a lower
cooling rate below the β transus temperature, grain boundary α-phase may grow at the β-grain
boundaries or a plate-like α structure may form within the prior β grains at lower temperatures
[18]. The plate-like α structure is known as Widmanstätten.
Several studies have shown variation in microstructural development as a result of scan
speed, beam voltage and current, cooling rates, etc. [12,21,22]. These variations in operational
parameters have been suggested as the main cause for variations in mechanical properties. Some
studies have shown that the mechanical properties of EBAM Ti-64 are comparable to those of
conventional processes such as casting or wrought, while others have shown that EBAM Ti-64
results in an improved mechanical performance [7,23].
The work by Rao, et al. [13] utilized two (bead-over-bead, BoB) and three pass (beadover-bead-over-bead, BoBoB) electron beam welding (EBW) techniques. These techniques were
employed with the idea that when the weld metal is solidifying after the first pass with a
preheated heat affected zone (HAZ), the second pass (called BoB) is run on the first pass with
the benefit of the preheat effect from the prior weld passes. Because of the preheating effect, it
was expected that the BoB technique should lead to a relatively slower cooling rate compared to
conventional EBW. The low toughness observed in these welds are attributed to the faster
cooling rate typically associated with conventional EBW. Overall, the study showed that the
BoB and the BoBoB technique improved both notch toughness and fracture toughness of Ti-64
electron beam weld metals.
We found the BoBoB technique to be similar to what occurs in the EBAM process. Thus,
the microstructures and properties that were observed in the work by Rao, et al. [13] were

16

compared to what we found in our study. Also, due to the preferential grain growth of the β
phase in Ti-64, microstructure and microhardness were compared as a function of build direction
(e.g., vertically and horizontally).
3.2 Experimental Materials and Procedures
In the present study, all Ti-64 EBAM samples were produced from powders at NASA
Marshall Space Flight Center (MSFC) in Huntsville, Alabama using the Arcam S12 EBM system
at an accelerating voltage of 60Kv, a beam current of 5mA, and a scanning speed of 200 mm/s.
We were given a sample of the powders used and they were imaged using scanning electron
microscopy (SEM) and measured to find a size distribution. The initial EBAM specimen we
were given to test was a bar. Although no information was given with respect to build direction,
it is believed that the build direction is horizontal. The EBAM bar and a wrought Ti-64 rod were
arbitrarily sectioned to obtain views of the cross-section and transverse for OM.
The samples were prepared using standard metallographic procedures, including grinding
up to 800 grit SiC papers, and polished using diamond suspension to 0.05μm. The samples were
etched in Kroll’s reagent (2ml HF, 6ml HNO3, 92ml water) for 30 s. The surface and transverse
views were used for Vickers microhardness testing at 500 grams force for 15 seconds. The
resulting values were compared to those for the wrought sample. The first round of
microhardness testing were in random areas of the sample in order to get results comparable to
those found in literature. The second round of testing was done in a straight line, from one
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arbitrary end of the sample to the opposite end. Therefore, the “distance” axis on Figure 3.3
shows a distance interval between indentions.
3.3 Results and Discussion
A sample of the starting powders that were used to make the EBAM specimens was
obtained. They were measured via a single SEM image and found to range in size from 5μm to
109μm with the majority of the powders falling in the range of 50μm-89μm. The powders and
the size distributions are shown in Figure 3.1.
The first EBAM Ti-64 specimen obtained was a bar that measured just below 14 cm in
length. No information about this specimen was given with respect to build direction, however
upon visual examination, the sample seems to have been built horizontally. A photograph of the
specimen is shown in Figure 3.2. This specimen was arbitrarily cut to obtain cross sectional and
transversal views. In the schematic shown in Figure 3.3, the cross section is the vertical line and
the transverse is the horizontal line. Cross section is viewed from the right to the left into sample
2, while transverse is viewed from the bottom to the top into sample 1.
It is typical of Ti-64 samples from EBAM to show an ordered lamellar structure
consisting of fine grains. This is a result of the EBAM processing characteristics (i.e. small melt
pool and rapid cooling) [8,13,17,24-29]. The phases of EBAM Ti-64 samples include some α
phase at the β grain boundaries, which is finer than that obtained by wrought or metal casting as
shown by Facchini et al.[8]. Koike et al. [27] compared the EBAM Ti-64 microstructures to
counterparts from cast and wrought Ti-64 specimens. The microstructure of the wrought Ti-6Al4V specimen consisted of slightly elongated α grains and intergranular β grains which is a typical
Ti-64 microstructure from heat treatment conditions. Figure 3.4 compares the microstructures of
EBAM and wrought Ti-64 with views of the cross section and transverse respectively. The
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microstructures in the current study were found to be in agreement with those found by other
researchers. The wrought alloy shows α grains (light) and an intergranular β phase (dark). The
EBAM sample predominantly contains the martensitic α phase. As stated previously, a rapid
cooling produces martensitic α-phases; but if there is a slower cooling rate below the β transus
temperature, grain boundary α-phase may grow at the β-grain boundaries or the plate-like
Widmanstätten structure may form within the prior β grains at lower temperatures [18], the
microstructural differences between wrought and EBAM Ti-64 can be seen in the optical
micrographs and the SEM micrographs shown in Figures 3.4-3.7.

(a)

(b)

Figure 3.1 (a) Representative SEM Image of Ti-64 powders and (b) Graph showing the size
distributions of the powders used to make specimens in this study.
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Figure 3.2 EBAM Ti-64 specimen from NASA MSFC.

Figure 3.3 Schematic of cross section and transverse views of EBAM Ti-64.
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(a)

(b)

Figure 3.4 Light micrographs showing (a) cross section and (b) transverse of the EBAM
Ti-64.

(a)

(b)

Figure 3.5 Light micrographs showing the (a) cross section and (b) transverse of wrought
Ti-64
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Figure 3.6 SEM image of EBAM Ti-64
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Figure 3.7 EBSD layered image of EBAM Ti-64 showing hexagonal and cubic phases present.
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Some studies have indicated that mechanical properties of EBAM parts are comparable to
those from conventional processes [17], however other studies have shown that mechanical
properties, microhardness in particular, can be improved by the EBAM process [13,30]. The
microstructures in the present study were found to be very similar to those reported by Rao et al.
[13]. In their study, the fracture toughness of EBW Ti-64 was investigated. The EBW
researchers reported microhardness at the HAZ that were nearly identical to the microhardness of
the EBAM specimens in this study. The microstructures were identical because the process of
EBW is very similar to the process by which the EBAM samples were made. They measured
Vickers microhardness (HV) of a Stringer bead, then bead-over-bead (BoB), and bead-overbead-over-bead (BoBoB). Since the three pass BoBoB welding process was found to be most
similar to the EBAM processing in the present study, the results were compared to the
microhardness values from Rao et al. shown in Table 3.1. Typical images showing indentations
in the EBAM specimens for the present work are shown in Figure 3.8.
In the study by Rao et al., the researchers did not explicitly indicate where the
microhardness measurements were taken on the specimens. For accurate comparison, the
Vickers microhardness values obtained were taken in arbitrary areas of the sample where the
Widmanstätten structure could be observed, as it is not seen throughout the entire sample. For
the sake of comparison, Rao et al. reported an average of 341 HV for the wrought Ti-64.
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Table 3.1 Microhardness values of Ti-64 EBAM specimens compared to EBW
specimens in work by Rao, et al. [12].
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Figure 3.8 Typical microhardness indentations in the EBAM
specimen.
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To compare the EBAM samples with the wrought samples, Vickers microhardness
testing was performed straight across the sample to include α´ rich areas of the sample as well as
α´ deficient areas of the sample. The results are shown in Figure 3.9. The microhardness of the
cross-sectional area of the EBAM Ti-64 sample was significantly harder than the wrought
sample. There is no orientation effect causing a downward trend on the wrought Ti-64. The
trend is merely coincidental as the hardness testing was performed across the diameter of the
sample.
Per the work reported by Wang et al. [7], the EBW samples had higher HV than their
rolled Ti-64 sample due to the presence of the α´ phase in the EBW sample. This singular phase
is harder than both the α phase and the β phase present in the wrought sample. The hardness of
the β phase is lower than that of the α phase, and the hardness of the martensitic α´ phase is
higher than that the α phase. The microstructures in the present study are similar to those found
by Wang et al. and this supports the fact that the EBAM sample consistently had significantly
higher microhardness values than those of the wrought sample.
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Figure 3.9 Microhardness comparison of EBAM Ti-64 vs Wrought Ti-64
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3.4 Conclusions
In this paper, the microstructure and Vickers microhardness of EBAM Ti-64 and wrought Ti64 were compared. The main conclusions include:


The microstructures of the wrought sample expectedly showed α grains and an
intergranular β phase. The EBAM microstructures showed the martensitic needle
structure from within the prior β grains.



The EBAM process increases the microhardness of Ti-64 compared to the wrought
sample. This can be attributed to the formation of the α phase present in the EBAM
samples which is harder compared to both the α and β phases present in the wrought Ti64.
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CHAPTER 4
PREFERENTIAL GROWTH OF THE Β-PHASE IN TI-6AL-4V AS A FUNCTION OF BUILD
DIRECTION FOR COMPONENTS MADE BY ELECTRON BEAM ADDITIVE
MANUFACTURING

Abstract
Electron Beam Additive Manufacturing (EBAM) is a relatively new additive
manufacturing (AM) technology that uses a high-energy electron beam to melt and fuse powders
to build full-density parts in a layer by layer fashion. EBAM can fabricate metallic components,
particularly, of complex shapes, in an efficient and cost-effective manner compared to
conventional manufacturing means. EBAM is an enabling technology for rapid manufacturing
(RM) of metallic components, and thus, can efficiently integrate the design and manufacturing of
aerospace components. However, EBAM for aerospace-related applications remain limited
because the effect of the EBAM process on part characteristics is not fully understood. In this
study, the preferential growth of the β-phase of Ti-6Al-4V as a function of build direction for
components made using EBAM was investigated. The mechanical properties were compared to
those for wrought Ti-6Al-4V.
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4.1 Introduction
Ti-6Al-4V (Ti-64) is the most widely used titanium alloy in the aerospace industry due to
its versatile combination of mechanical properties in its wrought processed form [1-3]. Ti-64
consists of allotropic phases: the body centered cubic (BCC) β-phase that is stabilized by the 4%
vanadium, and the hexagonal close-packed (HCP) structured α-phase that is stabilized by the 6%
aluminum [4]. At room temperature the alloy mostly consists of the α-phase, but when it is
heated to the β transus temperature around 980-996 °C, the β-phase becomes completely stable
up to the melting point [5,6]. A rapid cooling rate, i.e. above 137 °C/s [7,8], from the
homogenous β-phase produces martensitic α-phases.
Electron beam additive manufacturing (EBAM) is a relatively new additive
manufacturing (AM) technique that utilizes an electron beam to melt and fuse powders in order
to build full density parts in a layer-by-layer fashion [9-13]. It is well known that the morphology
of microstructure depends on processing, and wrought Ti-64 is well understood, however it is not
fully understood what effect the EBAM process has on component characteristics. While there
are many studies being conducted to investigate EBAM part characteristics, there is very little
literature of x-ray diffraction (XRD) data of EBAM Ti-64 [14]. Furthermore there is no
literature that shows a direct comparison of XRD spectra of EBAM Ti-64 to conventionallyprocessed wrought Ti-64. Previous work has shown that when subjected to a process such as
electron beam welding (EBW), the hardness and fracture toughness of Ti-64 is increased [4,15].
However, there is no literature that directly addresses this phenomenon with respect to phase
distribution in different build directions of EBAM Ti-64 and directly compare the results to
wrought Ti-64. The main focus of this study is to investigate how the EBAM processing of Ti64 components made by EBAM affects the growth of the β-phase with respect to build direction
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and compare the mechanical properties of the resultant microstructures. This study also
investigated the tensile-tested fracture surfaces of EBAM processed Ti-64.
4.2 Experimental Materials and Procedures
For this work, all Ti-64 EBAM samples were produced from powders at Marshall Space
Flight Center (MSFC) in Huntsville, Alabama using the Arcam S12 EBM system at an
accelerating voltage of 60Kv, a beam current of 5mA, and a scanning speed of 200 mm/s. After
obtaining samples with specified build directions (e.g. vertical and horizontal), it was possible to
make comparisons between the EBAM specimens with respect to build direction and then
compare those differences to what was observed in the wrought specimen. For convention,
Figure 4.1 shows a schematic of vertical and horizontal specimens and terminology that will be
used to convey orientation: scanning direction (SD), transversal direction (TD), and building
direction (BD).
A Hysitron® TriboIndenter with a three-side Berkovich diamond tip was used to
determine hardness (GPa) and elastic modulus. The load as a function of time is shown in Figure
4.2. The Vickers hardness (HV) was performed on a Buehler Micromet 2004 microhardness
tester under a load of 150 gf with the load time 10 s. Each average hardness value was averaged
and obtained from fifteen measurements across the lateral direction in a 20 m step. The
estimated yield strength (𝑌𝑆 ) was obtained through an empirical equation, which is widely
accepted for hard materials without significant work-hardening behavior according to the
literature [16-18]. Rockwell hardness was measured using a Wilson® hardness tester with a Cscale indenter (HRC). The major load was 150 kgf and the minor load was 10 kgf respectively.
The chemical and characteristic spectrum analysis were carried out by utilizing an X-ray
diffractometer (Bruker® AXS-D8 Discover, Co K radiation, 𝐶𝑜 = 1.7889).
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SD is scanning direction
TD is transversal direction
BD is building direction
Figure 4.1 Schematic of S12 Arcam EBAM machine at NASA MSFC.

Figure 4.2 Nano indentation results with load function shown.
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4.3 Results and Discussion
Microstructure
The morphology of the horizontal build EBAM Ti-64 specimen can be seen in Figure 4.3.
The horizontal EBAM specimen exhibited a diffusionless transformation due to the high cooling
rate. The transformation is realized by a martensitic transformation as   α´ in according to
the acicular α´ from  within the columnar structure. The vertical build EBAM Ti-64 specimen
is shown in Figure 4.4. The vertical EBAM specimen showed diffusional transformation. The
Widmanstätten plates nucleated preferentially at the prior β grains forming a basket-weave
morphology.
X-ray Diffraction
XRD was first performed on the wrought sample and a sample of the unmelted powder
stock that was used to process the specimens used in this study. The specimens were not rotated
during any data collection. Figure 4.5 shows the comparison of the powders and wrought
sample. In the spectra for the wrought Ti-64, both α and β peaks are resolved and the indexed
peaks are in agreement with what is found in literature [4,14,19]. It is worth noting that the β
peaks in the powder are either not as strong or not as clearly resolved as the corresponding peaks
in the wrought specimen.
Initially, for the samples that tested without respect to build direction, the spectra were in
agreement with what was found in other reported works as it pertains to the α-peaks but we were
unable to resolve any of the β-peaks that were found in literature unless the sample was oriented
different ways. Figures 4.6 and 4.4 show the respective spectra for the horizontal and vertical
built samples. The β peaks are more defined for the vertical build compared to the horizontal
build.
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Figure 4.4 Morphology of the horizontal build EBAM Ti-64 specimen.

Figure 3.4 Morphology of the vertical build EBAM Ti-64 specimen.
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Figure 4.5 XRD comparison of wrought Ti-64 and unmelted Ti-64 powders.

Figure 4.6 XRD spectra of the two sections of the horizontal build with α and
β peaks identified.
40

Figure 4.7 XRD spectra of the two sections of the vertical build with α and β
peaks identified.
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The β peaks were more resolved in some directions of both samples but not all. This
suggests that there are differing amounts of the β-phase present between the build directions.
Therefore, preferential growth direction for the β-phase occurs as a function of build direction.
Figure 4.8 shows a β-phase distribution chart that is in agreement with what was observed in the
XRD spectra. There was more of the β-phase present in the vertical build sample than in the
horizontal build. Both EBAM build directions had less β-phase than the wrought sample.
Because of the difference in the amount of β in build directions it was expected that there
would be a difference in hardness between the two build directions. As noted in the literature, the
hardness of the β-phase tends to be lower than that of the α-phase [15]. Therefore
nanoindentation testing was performed with respect to build direction. Table 4.1 shows the raw
data obtained from hardness measurements with averages and standard deviation shown. Figures
4.9 - 4.11 show the hardness values and other mechanical properties from Table 4.1 graphically.
Figure 4.9 shows average Vickers hardness along with corresponding estimated yield strength.
As expected because of the differing amounts of the β-phase present in the different builds, the
horizontal build EBAM specimen exhibited a higher hardness and yield strength than the vertical
build specimen while they are both higher than the wrought specimen. Figure 4.10 shows the
average hardness and corresponding elastic modulus and Figure 4.11 shows the average
Rockwell Hardness C (HRC). Again, the horizontal EBAM build had higher values than the
vertical EBAM build and both EBAM build directions were higher than the wrought.
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Table 4.1 Experimental hardness data of Ti-64.

Average HV
ST. DEV

Average HRC
ST. DEV

Horiz.
EBAM
SD-BD
414
410
406
411
409
412
403
408
410
402
407
406
406
414
417
409
4.19
Horiz.
EBAM
SD-BD
43
37
37
41
42
40
2.83

Horiz.
EBAM
TD-BD
403
410
411
384
398
408
411
409
402
411
402
399
403
397
394
402.8
7.66
Horiz.
EBAM
TD-BD
39
42
40
39
37
39.4
1.82
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Vert.
EBAM
BD-TD
364
370
366
356
361
356
372
363
362
345
386
378
348
371
377
365
11.2
Vert.
EBAM
BD-TD
39
37
34
35
36
36.2
1.92

Vert.
EBAM
SD-TD
359
352
364
362
352
353
371
367
359
349
363
367
351
364
336
357.93
9.09
Vert.
EBAM
SD-TD
37
35
36
38
35
36.2
1.30

Wrought

337
318
342
341
328
338
336
334
335
343
321
322
325
330
323
331.53
8.26
Wrought

36
37
36
31
36
35.2
2.39

Figure 4.8 β-phase distribution chart comparing wrought Ti-64 to EBAM Ti-64.

Figure 4.9 Average Vickers hardness and estimated yield strength of different
orientations of EBAM and wrought Ti-64.
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Figure 4.10 Average hardness and average elastic modulus of different orientations of
EBAM and wrought Ti-64.
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Figure 4.11 Average HRC of different orientations of EBAM and wrought Ti-64.
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We can see that the hardness values of both EBAM samples are greater than that of the
wrought sample. The difference in hardness values between the wrought and EBAM samples
can be attributed to the presence of the martensitic α´ present in the EBAM samples [15]. The
variation in hardness as a function of build direction was more significant in the horizontal
sample due to less β present in the final microstructure.
Fracture Surfaces
Tensile test data is widely available for EBAM parts. Some studies [20] have shown that
the UTS and ductility of wrought Ti-64 were higher than those of EBAM Ti-64. Others [21,22]
have observed the opposite. Murr et al. [23] observed a higher yield strength and UTS in
wrought Ti-64 and better ductility in EBAM parts. The difference in the data can likely be
attributed to the nature of the powder recycling process of EBAM which can affect the oxygen
content in the EBAM specimens. Koike et al. reported differences in build parameters can affect
the final microstructure, porosity distribution, pore size, etc. and attributed this to rough
specimen surfaces and possibly a higher oxygen content [20]. Table 4.2 below summarizes the
tensile data of EBAM vs wrought Ti-64 from the literature. The experimental results of this
study show higher values of hardness and yield strength than other researchers. A close relation
to the yield strengths reported by Koike et al. [20] can be observed for the wrought and EBAM
vertical build samples but the yield strength of the horizontal build EBAM is significantly higher
than other reported values.
The fracture surfaces of both the EBAM build directions were examined via SEM. In the
vertical sample, there was evidence of mostly brittle failure with some ductile failure. Failure
appeared to occur along grain boundaries (figures 4.12 ‒ 4.13). Figures 4.14 ‒ 4.17 show the
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fracture surfaces for the horizontal EBAM sample. The horizontal build also shows evidence of
both ductile and brittle failures, with brittle being more prevalent.

Table 4.2 Reference Tensile data of EBAM and wrought Ti-64.

Wrought

EBAM

YS (GPa)
0.735
0.83
1.10 ‒ 1.15
0.86
0.79
1.17 ‒ 1.22

UTS (GPa)
0.775
0.915
1.15 ‒ 1.20
0.931
0.87
1.23 ‒ 1.29

Ductility (%)
2.3
‒
16 ‒ 25
14
‒
12 ‒ 14

H (GPa)
3.619
3.2
3.8 ‒ 4.1
3.207
‒
3.8 ‒ 4.3

Figure 4.12 SEM image of vertical build EBAM fracture
surface.
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Figure 4.13 SEM image of vertical build EBAM fracture
surface.

Figure 4.14 SEM image of horizontal build EBAM fracture
surface.
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Figure 4.15 SEM image of horizontal build EBAM fracture
surface.

Figure 4.16 SEM image of horizontal build EBAM fracture
surface.
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Figure 4.17 SEM image of horizontal build EBAM fracture
surface.

Figure 4.18 SEM image of horizontal build EBAM fracture
surface.
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In Figures 4.16-4.18 the regions denoted by arrows were initially thought to be unmelted
powders on the fracture surface, however they are all far smaller than 10μm and this is
impossible because our smallest powder size was 5μm. Due to the sizes of most of the defects
being smaller than our largest stock powder size, it is believed that most of these regions are not
unmelted powders, but instead are dendrites that formed in regions that did not solidify during
the EBAM process. This is consistent with previous research on Ti alloys by Howell and Acoff
[24]. Other researchers that have observed this phenomenon have speculated that they could be
unmelted particles within large non-spherical voids [25,26]. Further, Seifi et al. observed this
phenomenon in both build directions and concluded that the defect is a lack of fusion defect and
its spatial distribution has an influence on the fracture toughness [26]. The dendrites in the
present study would suggest that there were regions of the horizontal build specimen that did not
solidify at the same rate. This phenomenon was not observed in the vertical sample.
4.4 Conclusions
In this paper, the preferential growth of β phase as a function of build direction was found to
have a profound effect on mechanical properties of EBAM Ti-64. The main conclusions
include:


The β-phase was present in a higher concentration in the wrought processed Ti-64 than
either of the EBAM specimens.



The vertical build specimen contained more of the β-phase than the horizontal build.
This resulted in the horizontal build to have higher hardness values as well as estimated
yield strength and elastic modulus than the vertical EBAM.



Both builds show evidence of mostly brittle failure with some ductile.
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Evidence of what is believed to be regions that solidified at a different rate were observed
in the horizontal build. This resulted in fracture surfaces exposing rounded dendrite
surfaces. The observed defects are not believed to be unmelted powders, because their
size suggests they could be dendrites that form due to an uneven solidification rate.
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CHAPTER 5
CRYSTALLOGRAPHIC TEXTURE ANALYSIS OF TI-6AL-4V COMPONENTS MADE BY
ELECTRON BEAM ADDITIVE MANUFACTURING

Abstract
In titanium alloys, solidification conditions in EBAM usually lead to a coarse columnar
β-grain structures. Mechanical properties of Ti alloys are closely related to their microstructures.
While there are studies being conducted to better understand the mechanical properties that result
from the EBAM process, this study aims to better understand the final microstructural texture.
This study uses electron backscatter diffraction (EBSD) to gain insight into the crystallographic
texture of Ti-64 components processed using EBAM. This study also demonstrates postprocessing software to gain insight into simulated grain boundary characteristics of EBAM Ti64.
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5.1 Introduction
EBAM is one of the few AM technologies capable of making full-density metallic parts
and has therefore dramatically extended the applications of EBAM [1-5]. EBAM represents a
promising opportunity to increase the use of titanium alloys due to its process versatility and
flexibility, the non-reactive environmental requirements, and its rapid processing. A detailed
description of the overall EBAM process can be found in literature [1,2,4,6-8].
Ti-6Al-4V (Ti-64) is by far the most widely used titanium alloy due to its versatile
combination of strength and other mechanical properties that it retains even at high temperatures.
Because of this, Ti-64 has seen high usage in the aeronautics and aerospace industries, but due to
its biological and chemical inertness it has also seen use both the medical and dental industries
[9-11]. Ti-64 is a typical dual-phase alloy comprised of α HCP + β BCC where the α phase
normally precipitates in β matrix with the classic Burgers relationship (0001)α //(110)β, [102̅0]α
//[111]β [12,13]. At room temperature the alloy is comprised mostly α, but at the β transus
temperature around 980-996 °C [14] the β-phase becomes completely stable up to the melting
point [15]. A cooling rate faster than (137 °C/s [16,17]) from the homogeneous β produces
martensitic α-phases [18]. However, if there is a slower cooling rate below the β transus
temperature, grain boundary α-phase may grow at the β-grain boundaries or a plate-like α
structure may form within the prior β grains at lower temperatures [19]. The plate-like α
structure is known as Widmanstätten.
The mechanical properties of titanium alloys are dependent on the microstructure, which
is determined by the thermo-mechanical processing and thermal treatment. Previous work has
shown that the EBAM built parts are overall superior mechanically than wrought form [7,12]. In
a study of mechanical anisotropy of EBAM Ti-64 conducted by Ladani et al. [20] it has been
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suggested that the horizontal built specimens have a greater tensile strength and microhardness
compared to other build directions. The main focus of this study is to investigate microstructural
features, specifically crystallographic texture, of EBAM processed Ti-64 via electron back
scattered diffraction (EBSD) and Matlab Texture (MTEX) and draw a direct comparison to
wrought Ti-64.
In a polycrystalline material, texture is defined as the preferred orientation of constituent
grains; and further, each grain is arranged in an order that is based on the structure of the metal.
To represent the relationship between the grain orientation and its axis, the normal direction
(ND), rolling direction (RD) and transversal direction (TD) are used. For the purposes of this
work, build direction (BD) and ND are synonymous, and scanning direction (SD) will be used
instead of RD as shown in Figure 5.1.
5.2 Experimental Materials and Procedures
For this work, all EBAM Ti-64 parts were fabricated from Ti-64 powders at NASA
Marshall Space Flight Center in Huntsville, Alabama using the Arcam S12 EBM system at an
accelerating voltage of 60Kv, a beam current of 5mA, and a scanning speed of 200 mm/s.
Samples with specific build directions (e.g. vertical and horizontal) were used, as illustrated in
Figure 5.1. The specimens were prepared for scanning electron microscopy (1μm spot size,
18KV) analysis using standard metallographic procedures, including grinding up to 800 grit SiC
papers, followed by polishing using diamond suspension of 3, 1, and 0.05μm. As titanium and
its alloys are notoriously difficult to polish well enough for EBSD, the samples were vibratory
polished in 0.05 μm diamond suspension for 6 hours. For this study, all post-processing and
analysis was performed using MTEX and the Oxford Instrument grain analysis. MTEX is a free
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Matlab toolbox for analyzing and modeling crystallographic texture using data from EBSD or
pole figures (PFs).

SD is scanning direction
TD is transversal direction
BD is building direction
Figure 5.1 Schematic of S12 Arcam EBAM machine at NASA MSFC.
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5.3 Results and Discussion
Figures 5.2 – 5.6 shows the experimental band contrast images with the β-phase imposed
in red and inverse pole figure (IPF) maps for wrought, horizontal EBAM, and vertical EBAM
respectively. In Figure 5.2, the image is dominated by blue indicating a preference to the <111>.
Figures 5.3 and 5.4 are of the horizontal EBAM builds. In both horizontal builds, there is a
strong columnar grain structure. In the SD-BD horizontal build shown in Figure 5.3, the image
is dominated by the green color indicating a preference to the <21̅1̅0>. In Figure 5.4 the image
has a strong presence of green and pink. There is also a strong yellow presence in the lower right
quadrant. Figures 5.5 and 5.6 are of the vertical EBAM builds. Both vertical builds exhibit a
somewhat randomized equiaxed grain structure. The BD-TD section shown in Figure 5.5 is
dominated by the orange color, which is near <0001> for hexagonal and <001> for cubic. The
SD-TD shown in Figure 5.6 is not dominated by any single color, however the purple and green
appear to be present in nearly equal amounts which suggests no strong orientation preference.
In an early iteration of EBSD data, there were several peaks that the EBSD software
could not index. Thus MTEX was used to remove the unindexed points and take the mean of the
nearby indexed orientations to extrapolate the data in the models. The band contrast images
from the experimental data as well as the MTEX generated IPF maps are shown in Figure 5.7.
The MTEX generated images are reflections of the band contrast images, and because of angle
threshold limitations in the software, not all grain boundaries could be resolved. MTEX was also
able to generate pole figures of our post processed data. The {101̅0}, {112̅0}, and {112̅1} pole
figures are displayed in Figure 5.8. The pole figures for the wrought and horizontal built EBAM
Ti-64 appear to be similar except for some shifting in the x direction.
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(a)

(b)

Figure 5.2 Band contrast (a) and IPF map (b) of wrought Ti-64.

62

(a)

(b)

Figure 5.3 Band contrast image (a) and IPF map (b) of SD-BD section of horizontal EBAM Ti64.
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(a)

(b)

Figure 5.4 Band contrast image (a) and IPF map (b) of TD-BD section of horizontal EBAM Ti64.
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(a)

(b)

Figure 5.5 Band contrast image (a) and IPF map (b) of BD-TD section of vertical EBAM Ti-64.
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(a)

(b)

Figure 5.6 Band contrast image (a) and IPF map (b) of SD-TD section of vertical EBAM Ti-64.
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(a)

(b)

(c)

Figure 5.7 Band contrast images and MTEX generated IPF maps of (a) wrought, (b) horizontal
EBAM, and (c) vertical EBAM Ti-64.
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(a)

(b)

(c)

Figure 5.8 Respective MTEX generated pole figures of (a) wrought (b) EBAM horizontal, and
(c) EBAM vertical.
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Grain boundaries (GBs) are defects in the crystal structure that can affect many physical
properties of materials. One well known example of grain boundaries directly impacting a
physical property is the Hall-Petch relationship [12,21] which describes that a reduction in grain
size will coincide with an increase in yield strength. To characterize GBs, two methods are
commonly utilized: misorientation angles [22] and coincident site lattice (CSL) theory [23].
Misorientation in GBs is described as the difference in crystallographic orientation between
adjacent crystals in a polycrystalline material. Figure 5.9 displays the networks of the samples in
which each of the GBs are colored according to its GB misorientation angle. Figure 5.10 shows
the frequency of respective misorientation angles from Figure 5.9. It is shown that the wrought
sample is dominated by low angle grain boundaries (LAGB), which are typically defined as any
angle below 15°. This was not the case for either of the EBAM samples, although the horizontal
sample has LAGBs occurring significantly more than the vertical EBAM. Each of the samples
have a sharp increase in frequency at 60°.
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(a)

(b)

(c)

Figure 5.9 Misorientation networks of (a) wrought, (b) horizontal built, and (c) vertical built EBAM.
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(a)

(b)

(c)

Figure 5.10 Misorientation distribution (a) wrought, (b) horizontal built EBAM, and (c) vertical
built EBAM.
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CSL theory is a geometric concept used to simplify the large parameter space associated
with GB crystallography into a scalar quantity [24]. CSL is a model that is used to describe the
combinations of misorientations that exist such that an interface has certain correlations within
the formed crystal. In simplest terms, CSL attempts to map special GBs. Figure 5.11 displays
the networks CSL boundaries of the GB networks. Analyzing the GB network special
boundaries (defined as boundaries CSL≤ 21) are of particular interest. Table 5.1 shows a
comparison of special vs general (CSL> 21). Although, there are no twin boundaries in any of
the samples, the horizontal EBAM sample exhibits a substantial amount of special boundary
length when compared to the wrought and vertical EBAM, this is the inverse of the trend shown
earlier with the concentration of the β-phase. This relationship between the GB length and the
amount of β-phase present in the material may be useful for GB engineering in future studies to
see if a relationship exists between general/special GBs and β growth and mechanical properties.
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(a)

(b)

(c)

Figure 5.11 CSL boundaries of the GB networks of (a) wrought, (b) horizontal EBAM, and (c)
vertical EBAM
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Table 5.1 Special GB length vs. General GB length.
Fraction of General GBs

Fraction of CSL

Wrought

0.7266

0.2734

Horizontal EBAM

0.4980

0.5020

Vertical EBAM

0.6635

0.3365
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5.4 Conclusions
In this study, the microstructure of wrought Ti-64 was compared to that of different build
directions of EBAM Ti-64. The main conclusions include:


The microstructures of the EBAM Ti-64 samples we studied showed no preferential
grain orientation.



The wrought Ti-64 is primarily composed of LAGBs, this is not the case for either build
direction of the EBAM samples, especially the vertical build.



There were no twin boundaries in any of the samples, however the horizontal EBAM
exhibited a substantial amount of special boundary length in comparison to the vertical
EBAM and wrought Ti-64.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Major Conclusions
The microstructure and mechanical properties of Ti-64 were studied in an effort to draw a
direct comparison between wrought and EBAM with different build directions. The main
conclusions are as follows:
(1) The microstructures of the wrought sample expectedly showed α grains and an
intergranular β phase. The EBAM microstructures showed the martensitic needle
structure from within the prior β grains.
(2) The EBAM process increases the microhardness of Ti-64 compared to the wrought
sample. This can be attributed to the formation of the α´ phase present in the EBAM
samples which is harder compared to both the α and β phases present in the base metal.
(3) The β-phase is present in a higher concentration in wrought processed Ti-64 than in
either of the EBAM specimens. The vertical build contained more of the β-phase than
the horizontal build and that caused the horizontal build to have a higher microhardness
than both the vertical EBAM and wrought Ti-64.
(4) Both builds show evidence of mostly brittle failures with some ductile.
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(5) Defects formed along the fracture surfaces of the horizontal build. This was not present
in the vertical build. The observed defects could be unmelted powders, but their size
suggest they could be dendrites that form due to an uneven solidification rate
(6) The microstructures of the EBAM Ti-64 samples we studied showed no preferential grain
orientation.
(7) The wrought Ti-64 is primarily composed of LAGBs. This is not the case for either build
direction of the EBAM samples, especially the vertical build.
(8) There were no twin boundaries in any of the samples, however the horizontal EBAM
exhibited a substantial amount of special boundary length in comparison to the vertical
EBAM and wrought Ti-64.
(9) The horizontal EBAM has higher special GB length.

6.2 Recommendation for Future Work
(1)

GBs are susceptible to corrosion [1-3]. It has been shown that the EBAM process alters
the microstructure of Ti-64 and these microstructural changes improve many of the
mechanical properties. It would be very interesting to determine if the EBAM process
has any effect on the corrosion resistance of Ti-64.

(2)

The GB network special boundaries were studied and it was found that there were no
twin boundaries in any of the specimens. However the horizontal sample showed a
higher fraction of special GB lengths when compared to the wrought or vertical samples.
Properties of polycrystalline materials are often influenced by the character and
connectivity of GB, thus a thorough GB engineering study is necessary.

(3)

A detailed texture study is recommended.
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