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Abstract

Consolidation of molybdenum through laser powder bed fusion and other additive
manufacturing (AM) techniques is complicated by a high melting temperature, high
thermal conductivity, and a high ductile-to-brittle transition temperature. Nano-
sized silicon carbide particles (0.1 wt%) were homogeneously mixed with molybdenum
powder. The printing characteristics, chemical composition, microstructure, and me-
chanical properties were compared to pure molybdenum at four different scan speeds.
As a function of improved melting and consolidation, the addition of nano-sized sili-
con carbide improved the optically determined density, flexural strength, and reduced
the oxygen content over the four scan speeds analyzed. The oxygen concentration
in the Mo-0.1SiC specimens increased with scan speed. Two mechanisms of oxygen
reduction were posited as responsible for the improvements: oxidation of free car-
bon and the creation of secondary-phase nanoparticles. Positron annihilation lifetime
spectroscopy and Doppler-broadening of annihilation radiation were used to moni-
tor the sub-micron microstructure and compared with the microstructure revealed
through electron back scatter diffraction analysis. The grain size and misorientation
results do not correlate with positron lifetimes indicating the positrons are sampling
regions within the grains. Positron annihilation spectroscopy identified the presence
of dislocations and micro-voids not revealed through electron microscopy techniques
and correlated with the findings of secondary-phase nanoparticles in the Mo-0.1SiC
specimens. This dissertation illustrates the promising influence of nanoparticle addi-
tions to refractory metals in laser powder bed fusion. Additionally, the comparison of
results indicate the usefulness of positron techniques to characterize nano-structure

in AM metals due to significant increase in atomic-level information.

v
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INFLUENCE OF DILUTE SILICON CARBIDE NANOPARTICLE
ADDITIONS TO THE MICROSTRUCTURE AND MECHANICAL
PROPERTIES OF LASER POWDER BED FUSION
MOLYBDENUM

I. Introduction

There were two goals that guided the course of the materials research presented
in this dissertation: investigate the influence of nanoparticle silicon carbide (SiC)
additions to laser powder bed fusion (LPBF) molybdenum on microstructural, chem-
ical, and mechanical properties and explore the ability of positron annihilation spec-
troscopy (PAS) techniques to identify differences in the nanostructure and microstruc-
ture produced by varying parameters in the LPBF process. These goals are addressed
as problem statements with associated hypotheses in Chapter 1. Chapter 2 presents
background on molybdenum, silicon carbide, and the laser additive manufacturing
(AM) of refractory metals, specifically, work conducted on molybdenum and with
added carbides. Chapter 3 covers the basics of positron theory, their interaction with
condensed matter, and an introduction to positron measurement techniques. Previous
positron measurements on molybdenum are referenced when discussing the results of
the experimental work outlined in this dissertation. Chapter 4 presents the results
from the traditional materials characterization techniques while Chapter 5 discusses
the results of the positron measurements. Chapter 6 presents the conclusions and

proposed future work.



1.1 Overview

Refractory metals have only just begun to be investigated for use in AM processes
over the last ten years, starting with the development of tungsten collimators for
magnetic resonance instruments in the medical field [1]. The near net-shape prepa-
ration of components through additive techniques is ideal for refractory metals due
to their inherently high ductile-to-brittle transition temperature (DBTT) which im-
pedes room temperature post-processing [2]. Unfortunately, while the potential for
AM refractory metal preparation is enticing, processing improvements must be made
before industrial adoption is ensured currently, parts do not meet the rigorous stan-
dards required for their use [3]. This research describes the potential of nanoparticle
silicon carbide additions to improve AM molybdenum.

The microstructure of LPBF metals are different from those of traditionally wrought
origin. Grain sizes are refined due to the rapid cooling of the melt pool and the ther-
mal gradients involved promote epitaxial grain growth along the longitudinal (build,
XZ) direction resulting in a columnar orientation that isn’t reflected in the transverse
(print, XY) direction. The mechanical properties thus exhibit strong anisotropic be-
havior that is undesirable in most applications for which refractory metals are used.
As with metals that are more easily prepared through AM techniques, such as Inconel,
it has been shown that post-processing heat treatments can correct the anisotropic
grain structure in LPBF tungsten [4, 5]. It is well known that dilute additions of
secondary particles have the ability to greatly influence the microscopic and macro-
scopic properties of refractory metals. In this research, the addition of silicon carbide
to LPBF molybdenum has been explored as a means of favorably altering the grain
morphology and improving consolidation. This research included chemical analysis,
microstructural characterization, and mechanical testing of LPBF molybdenum and

molybdenum with 0.1wt% of nano-sized silicon carbide (Mo-0.1SiC). Additionally,



PAS techniques were used to distinguish between LPBF microstructures and provide
nondestructive testing (NDT) analysis of the quality of LPBF builds. Silicon car-
bide was identified as a nanoparticle additive to LPBF molybdenum that bolsters
the print-ability and alters the microstructure to improve the mechanical properties.
Positron annihilation lifetime spectroscopy (PALS) proved successful in identifying
differences in the sub-grain, nano-structures of LPBF molybdenum and Mo-0.1SiC
that were not readily observed by standard microscopy techniques. The associated
results of Doppler-broadening of annihilation radiation (DBAR) measurements were

inconclusive.

1.2 Motivation of Research

The production of high performance components through AM has grown rapidly
over the last two decades into a technology that is known for producing highly com-
plex three-dimensional objects through layer-by-layer sequential welding of powder
feedstock [6]. There are numerous AM categories including material extrusion, vat
photopolymerization, powder bed fusion, binder jetting, material jetting, and direct
energy deposition procedures. Each of these categories include various methods that
comprise the totality of current AM efforts [7].

Powder bed fusion techniques include LPBF, selective laser sintering, selective
laser melting, electron beam melting, direct metal laser sintering, direct metal laser
melting, and multi-jet fusion, with the differences between them being mostly related
to manner in which the thermal energy is applied. These techniques are known for
producing some of the strongest AM structures in polymers, metals, and metal alloys
8].

The importance of AM as an emerging industrial practice cannot be overstated.

Rapid prototyping using AM can reduce weeks of scheduling by removing the need for



traditional setup, mold designs, and tooling. Traditional processes, such as casting
and milling, cannot produce the intricate designs that are ubiquitous to AM tech-
niques. Complex lattice structures result in a three-dimensional component that has
a higher strength-to-weight ratio using less material than traditional manufacturing.

While originally limited to production of plastic components, many other materials
including, but not limited to, ceramics [9], glass [10], wood [11], biological materials
[12], and metals [13, 14, 15, 16, 17, 18] are becoming more common. Metal AM
components are finding extensive uses in the military [19], aerospace [20], biomedical
[21], and energy [22] industries, among others [23].

Characterized by incredible design flexibility and low overhead costs, LPBF en-
ables the processing of complex components using high performance metals and al-
loys that are simply not possible with traditional subtractive manufacturing tech-
niques. From aluminum, titanium, nickel, and chromium to tungsten-based super-
alloys, LPBF technology has begun to emerge as a potential option for the design
and manufacturing of high performance materials and parts. AM techniques lend
themselves to weldable metals and alloys, and as such, nickel-based alloys, like the
Inconel series, have been used to produce rocket injectors, turbine blades, borescope
bosses, and hydraulic valves with relative success using LPBF [24].

While nickel and titanium based super-alloys offer impressive high temperature
strength, nothing compares to the performance of refractory metals. Tungsten,
molybdenum, tantalum, niobium, and rhenium make up the class of refractory metals
if defined by melting temperatures above 2000°C [25]. The use of refractory metals
is, for the most part, widespread, if a bit specialized. The general properties of all
refractory metals are high density, hardness, melting points, and high strength at ele-
vated temperatures as well as low coefficients of thermal expansion and high thermal

and electrical conductivity [3]. The usefulness of refractory materials at high temper-



atures are limited due to the products of their oxidation which generally provide no
protection to further oxidation.

LPBF offers a unique avenue to exploit the desirable properties of refractory met-
als by reducing unnecessary weight through component design. AM can produce
structural materials by adding the strength where it is needed and removing weight
where it is not [26]. As the raw precursors for high performance materials are ex-
pensive, AM processes offer a cost effective approach to small-batch and specialized
production. Traditional techniques are likely to be more cost effective for large-batch
production currently [27], but metal LPBF offers a relatively cheap and accessible
tool to conduct advanced material research.

Of the five refractory metals, tungsten and molybdenum are far cheaper per kilo-
gram than tantalum, niobium, and rhenium. Tungsten offers the best performance
at high temperature of any of the refractories, but it’s high melting point requires
more energy input to produce proper melting and fusion in AM builds. Molybdenum
shares similar strength properties to tungsten at intermediate temperatures with a
lower melting point and hardness which makes it a more accessible LPBF material.

Most molybdenum is prepared for use as an alloying agent in different types of
steel, with the London Metal Exchange estimating roughly 75% of world production
going to this purpose. Other uses of molybdenum are found in lubricants, catalysis
reactions, and as an ingredient in high performance alloys and ceramics [28].

Molybdenum-based materials offer promise as high-performance, high-temperature,
structural materials, however, the fabrication through additive techniques is challeng-
ing due to the high melting temperatures and brittleness. While there has been less
research on AM of molybdenum when compared to tungsten, many of the issues are
the same [29]. AM alloys containing significant amounts of tungsten suffer from de-

fects and cracking due to their inherent brittleness and high melting temperatures.



Thermal stresses arise when the melt pool cools. These stresses can be accommo-
dated when above the DBTT, but rapid cooling and oxygen embrittlement of the
grain boundaries can increase this transition temperature [29]. Generally, the forma-
tion of pores and micro cracks are not predictable events and can occur at any time
during the LPBF process. Detailed information on the issues concerning the AM of
refractory metals is provided in Chapter 2.

The issues plaguing the LPBF of molybdenum are similar to those found in tung-
sten, such as delamination effects [30], porosity, low relative density, and cracking [31].
Attempts over the past few years to improve the print-ability of pure molybdenum
have centered on the addition of small amounts of carbon. This addition had the
effect reducing the impact of oxygen segregation to the grain boundaries, improving
crack resistance during printing, and the overall strength of the material [32, 33, 34].

Li et al. [35] successfully suppressed the growth of crack formations in LPBF tung-
sten by introducing a small weight percentage of zirconium carbide (ZrC). Secondary-
phase nanoparticles of zirconium oxide (ZrOs) refined the microstructure and the
available carbon captured oxygen impurities.

Chen et al. saw improved crack resistance and mechanical properties in LPBF
tungsten with the addition of tantalum carbide (TaC) [36]. The effects of TaC were
similar to what Li et al. documented with ZrC, however carbides were formed as
secondary nanoparticles instead of oxides.

With the microstructure of AM materials playing such a critical role in their me-
chanical performance it is imperative that methods be available to qualify components
and ensure the vast possibilities of AM-caused defects are not present. There are nu-
merous quality control (QC) methods that have been established for LPBF. Material
characterization techniques such as x-ray crystal diffraction (XRD), Raman spec-

troscopy, energy-dispersive x-ray spectroscopy (EDS), scanning electron microscopy



(SEM), and optical microscopy (OM), have been used to characterize the particle
size distribution, shape, and aspect ratio of metal powders prior to printing. Den-
sity can be measured through gas pycnometry and chemical analysis can determine
composition [37]. Melt pool temperature and shape can be monitored through inte-
grating cameras attached directly to the scan head [38]. Transmitters and analyzers
have been used within the build chambers to monitor for the presence of oxygen
[39]. Acoustic-based testing methods, such as ultrasonic testing and acoustic emis-
sion spectroscopy, have been conducted to evaluate porosity, cracking, balling, and
overheating. Generally these methods are more suited for qualitative assessments, but
could potentially be calibrated for specific types of pores [40, 41]. Optical imaging
and optical emission spectroscopy (OES) can be used to visually inspect the surface
of the build to inspect for porosity or irregularities in the powder bed or powder layer
after spreading and before exposure of the next laser pass. OES is commonly used in
other manufacturing techniques as well [42, 43]. Tomographic techniques have been
used to produce a three-dimensional representation of defect structure by compiling
multiple two-dimensional images throughout the build process. Optical and x-ray
tomography provide information on porosity, lack-of-fusion, and balling [44, 45, 46].
Thermal imaging has been adopted recently to measure the thermal gradients and
thermal radiation signatures given off by the laser, melt-pool, and surrounding metal
substrate [38]. Generally, thermal measurements are surface techniques; however, in-
frared imaging has been used to measure inter-layer cooling rates [47]. Pyrometry,
a technique that uses non-contacting photodiodes to measure temperature, has been
used to investigate the laser spot temperature and the gradients in the surrounding
melt-pool and substrate [48]. Commercially, thermal and optical techniques are used
and are offered through a large number of AM instrument providers. These in-situ

capabilities focus on the the temperature and geometry of the melt pool, laser spot,



and the build platform [49]. While all of these techniques are still receiving consid-
erable attention in the literature, they lack the sensitivity to nanoscale defects. PAS
techniques offer the potential for in situ monitoring that is sensitive to nano-scale
features.

PALS measurements are sensitive to the electronic structure of materials and can
probe the interior of a three-dimensional structure for vacancy-type, open-volume de-
fects at the sub-micron scale. Non-destructive in nature, PALS offers the capapbility
to identify defect size, type, and distribution. Depending on the energy of positrons
upon implantation, PAS can be a near-surface or bulk technique. The qualities of this
type of material characterization technique can provide additional context to current

approaches.

1.3 Problem Statements

There were two goals of this research. The first was to understand how the addition
of a dilute amount of silicon carbide to pure molybdenum powder influences the
microstructure and mechanical properties of LPBF molybdenum and the second was
to determine the ability of PAS techniques to distinguish between the microstructures
developed during the LPBF process. Silicon carbide was chosen to act as an oxygen
scavenger during the build process. It was hypothesized that the nano-sized silicon
carbide particles would refine the grain boundaries, limit crack growth, and increase
strength. Additionally the nano-sized particles would increase the energy coupling of
the laser and powder leading to better fusion and overall print-ability.

The major problems surrounding the printing of refractory metals are widely
known in the AM community. High melting points, brittleness upon cooling, oxygen
segregation at the grain boundaries, and extreme temperature gradients all negatively

impact AM of refractory metals. Therefore, this research both looked into the ability



of an addition of a small amount of nano-sized silicon carbide to pure molybdenum
powder to positively influence the microstructure and mechanical properties, and the
changes in positron annihilation characteristics associated with those microstructures.

Problem Statement 1: Molybdenum parts consolidated through LPBF
AM suffer from cracking and porosity due, in part, to oxygen segregation
to the grain boundaries.

Like most body centered cubic (BCC) heavy metals, the DBTT of pure poly-
crystalline molybdenum is not a sharp transition, but instead a temperature range
around room temperature that is dependent on strain rate [50, 51]. The addition
of impurities, such as oxygen, to the grain boundaries can increase this DBTT from
room temperature up to 400°C [52].

Hypothesis 1.A: The addition of silicon carbide will reduce the segregation of
oxygen impurities during the LPBF process and improve consolidation.

Objective 1.A: Characterize elemental composition of the as-built molybdenum
and Mo-0.1SiC specimens using inert gas fusion analysis. Compare to the initial
feedstock powders. Observe fracture surfaces and grain morphology with electron
microscopy.

Hypothesis 1.B: Improved consolidation will reduce cracking, porosity, and im-
prove mechanical properties.

Objective 1.B: Conduct hardness and three-point bend strength measurements.
Perform tests on specimens with and without nanoparticle silicon carbide additions at
various scan speeds. Compare results to identify the influence of nanoparticle silicon
carbide additions and scan speed.

Hypothesis 1.C: The addition of nanoparticles to molybdenum powder will in-
crease the ability of the powder bed to absorb the energy from the laser and improve

melting.



Objective 1.C: Conduct reflectance measurements on the pure and mixed pow-
ders. Measure the macroscopic porosity and observe the fracture surfaces using op-
tical and electron microscopy, respectively, to compare the impact of silicon carbide
additions on the laser-energy coupling and consolidation of molybdenum powder.

Hypothesis 1.D: Additions of carbides to AM tungsten have created the pres-
ence of secondary phase nanoparticles. Silicon carbide will produce secondary phase
silicon-oxygen nanoparticle inclusions in the AM molybdenum matrix that can se-
quester oxygen from the grain boundaries.

Objective 1.D: Characterize the microstructure of Mo-0.1SiC using transmission
electron microscopy (TEM). Determine the presence of secondary phase nanoparticles
and use EDS to determine elemental content.

Problem Statement 2: Defects that promote crack propagation in molyb-
denum can be on the atomic scale and the resolution of traditional mi-
croscopy techniques make it difficult to resolve these types of bulk mi-
crostructural defects.

Hypothesis 2: The presence of silicon carbide in the molybdenum powder will
produce microstructural differences that may not be readily apparent under standard
microscopic techniques; however, PAS methods will have potential for NDT interro-
gation of nano-scale microstructural features in LPBF metals.

Objective 2: Determine the positron lifetimes associated with the pure molyb-
denum and Mo-0.1SiC specimens printed at various scan speeds. Correlate to known
microstructural changes from other techniques.

Problem Statement 3: The anisotropic nature of crystal growth found
within AM molybdenum and other metals creates undesired microstruc-
tures leading to mechanical performance that is unacceptable for most

applications.
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Hypothesis 3: PAS techniques will be sensitive to the significant microstruc-
tural differences found in the longitudinal and transverse directions of AM parts and
can be used as a nondestructive measurement technique to distinguish between AM
microstructures.

Objective 3: Identify the position lifetimes and Doppler broadening associated
with pure molybdenum when approached in the transverse and longitudinal orienta-

tions.

1.4 Summary of Methodology

In order to assess the hypotheses proposed in the previous section, the microstruc-
tures of the molybdenum and Mo-0.1SiC system were examined with conventional
materials characterization techniques and PAS. Molybdenum and Mo-0.1SiC pow-
ders were printed using LPBF in a nitrogen atmosphere at four different scan speeds:
100, 200, 400, 800 mm/s. The powders and built specimens were characterized for
pure molybdenum and molybdenum with 0.1 wt% nano-sized silicon carbide added.
The microstructures of the as-printed specimens were analyzed by optical microscopy
(OM), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM). Chemical compositions of the feedstock powders and as-printed specimens
was determined through inert gas fusion analysis per American Society for Testing
and Materials (ASTM) Standard E 1019-18 [53]. The reflectance of the pure and
mixed powders was measured via ASTM Standard E 903-20 [54]. Hardness and flex-
ural strength measurements were conducted on the as-printed specimens. PALS and
DBAR were used to assess differences in the microstructures of the as-printed sam-
ples and compare to traditional pure molybdenum. The data collected from the PAS
measurements was correlated to the data collected from the other characterization

techniques and used to evaluate the effectiveness of selected build parameters and the
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use of PAS as a QC method.

1.4.1 Metallography

Metallography includes techniques that investigate the microstructure and chem-
ical composition of metals and metal alloys [55]. OM, SEM, and TEM were used
extensively to characterize the powders and the as-printed specimens. Through OM,
changes to crack formation and porosity due to varied scan parameters were quickly
evaluated. After the grinding, polishing, and etching of a sample, the grain structure,
defects, and porosity became observable. SEM was used to investigate as-built and
fracture surfaces. When coupled with EBSD and EDS, the quantification of chemi-
cal compositions and identification of specific element-rich phases made it a powerful
tool for use in materials characterization. Unfortunately, when accounting for very
low atomic number impurities such as carbon, oxygen, nitrogen and hydrogen EDS
becomes less reliable. Instead, inert gas analysis (IGA) was used to provide elemental
composition of the powders and AM components for these impurities. TEM was used
to characterize nanoparticle inclusions with high resolution. All of these methods will
be combined to provide an extensive, full assessment of microstructural development

as a result of the LPBF process.

1.4.2 Mechanical Testing

The as-printed pure molybdenum and Mo-0.1SiC specimens were subjected to
three-point bending and nano-indentation hardness measurements. Nano-indentation
hardness testing measured the Vickers hardness (Hy) per International Standard
Organization (ISO) 14577 [56]. Three-point bending testing measured the flexural
strength of the materials in the transverse direction which results in testing across

the build direction. Strength of pure molybdenum specimens were compared to that
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of Mo-0.1SiC to evaluate the influence of carbide additions.

1.4.3 Positron Annihilation Spectroscopy

In a novel use of PAS techniques, the microstructures of the as-printed speci-
mens were analyzed to distinguish between print parameters and compositions. The
parameters associated with the PALS measurements were correlated to the known
differences in the microstructures of pure molybdenum and Mo-0.1SiC as understood
from the preceding microstructural characterization techniques. PALS has been used
only sparingly for AM materials and this analysis was the first to apply the technique
to LPBF molybdenum.

1.5 Organization of Dissertation

The goal of this dissertation is to document and expound upon the material pre-
sented in this first chapter. The following chapters are organized as follows.

Chapter 1 provides the background and motivation for the research and results
presented in this dissertation.

Chapter 2 introduces the properties, uses, background, and additive manufactur-
ing of refractory metals and explores the current state of LPBF molybdenum in the
literature.

Chapter 3 follows with a discussion on the theory of positrons, their interactions
with matter, and the history and practicality of the PAS techniques used during this
research.

Chapter 4 covers the traditional tools used to fully characterize the AM molyb-
denum and Mo-0.1SiC specimens. The chapter consists mostly of the work included
in the original research article published in Crystals, with some additional data and

analysis that was conducted after publication.
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Chapter 5 includes the characterization of AM molybdenum and Mo-0.1SiC via
PALS. The chapter consists mostly of the work included in the original research article
published in Materials, with some additional data and analysis that was conducted
after publication.

Chapter 6 provides options for further research and areas to continue based on

conclusions drawn from Chapters 4 and 5.
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II. Molybdenum: Production and Characterization

Broad understanding of many different specialties is inherent in the field of ma-
terials science, and as such, an introduction and discussion as a prelude to the work
outlined in this dissertation is provided as foundational information. The AM of re-
fractory metals encompasses a range of chemical and mechanical engineering related
topics and many will play a significant role in support of the Problem Statements in
Chapter 1.

The microstructure of a metal is dependent on the production methods involved
and an understanding of the differences between traditional powder metallurgy (sin-
tered, arc-casted, and electron beam melted) and AM molybdenum illuminates the
need for advanced characterization techniques, and the potential best uses for these,
both in-situ and post-build.

The background begins in Section 2.1 with a discussion of the material properties
that are inherent to molybdenum and give it the properties and applications that
make it desirable for enhanced manufacturing techniques like LPBF. Sections 2.1.1
and 2.1.2 begin at the simplest level and describe the electronic and crystal structure
of molybdenum and other refractory metals that provide beneficial properties. The
oxidation of pure molybdenum and the potential influences from added silicon and
carbon are discussed in detail in Section 2.1.3 which is followed by a description of
the solubility of silicon, oxygen, and carbon in molybdenum. Section 2.2 outlines the
standards used to traditionally manufacture molybdenum and the heat treatments
used to prepare the production components. Also present is a discussion on LPBF in
general, including Section 2.2.2.3 which discusses key concepts behind laser absorption
and the published work to improve the laser-powder coupling. The chapter concludes

with a discussion on the current state of AM molybdenum.
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2.1 Properties of Molybdenum

Molybdenum is part of the exclusive group of refractory metals that also, without
a broader definition, includes niobium, tantalum, tungsten, and rhenium. Refractory
metals have significant advantages over other metals with a high melting point (all
above 2000°C) and excellent hardness and strength at room temperature. Refractory
metals are also chemically inert to most non-oxidizing corrosive environments [57],
making them highly wear- and corrosion-resistant. Molybdenum does not have the
highest melting point among the five refractory metals; however, it is softer and
more ductile allowing for superior machinability and it possesses a lower density
than tungsten and the lowest thermal expansion coefficient of any element which
is desirable for certain applications. The macroscopic properties of materials are
dependent on the chemistry at the microscopic level. Even further, the structure of
materials are a function of interactions at the atomic level. The following section is
presented to provide sufficient background on molybdenum and its interactions with

the elements relevant to this research.

2.1.1 Electronic Structure

The electronic structure of transition metals sets them apart from the rest of the
elements in the periodic table and gives them unique properties, such as high melting
temperatures, due to small energy differences between the ns and (ns-1)d subshells.
Unlike non-transition metals and non-metals, where bonding occurs between electrons
in unfilled s and p orbitals, in transition metals the electrons in the (ns-1)d and the
ns orbitals are considered to be valence electrons and participate in chemical bonding.
These electrons can form covalent-like bonds with surrounding atoms yielding very
high strength interactions and high melting points. The electron configurations for

the five refractory metals are provided in Table 2.1.
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Table 2.1. The electronic configurations of the refractory metals.

Element | Atomic Number | Electron Configuration
Nb 41 [Kr]4d*5s!
Mo 42 [Kr]4d®5s!
W 74 [Xe]5d*6s2
Re 75 [Xe]5d56s?

Most notable about the electronic structure of the refractory metals that the (ns-
1)d subshells are only partially filled while the ns subshells contain electrons and
are, in all cases save for molybdenum and niobium, filled. This occurs because the
ns subshell is lower in energy than both the (ns-2)f and the (ns-1)d subshells. All
period six elements from lanthanum (atomic number 57) to gold (atomic number 79)
experience some form of unfilled valence electron shells. This results in additional
electrons that are available for chemical bonding. Generally, the electron behavior
within a solid metal can be viewed through the electron-sea model wherein the solid
metal is assumed to be a three-dimensional network of cations surrounded by delo-
calized electrons that are free to move throughout the network. Metallic bonding
is generally quite strong due to the large amount of electrons available for bonding
interactions. The significant energy required to break the bonding behavior results
in high melting temperatures.

Molecular orbitals in metals, over the entire crystal, consolidate into a bonding
band and an antibonding band due to overlap of valence orbitals. Transition metals
in particular have s and d shells which combine to give six molecular orbitals that
can hold up to 12 total electrons. Half of these electrons will be bonding and the
other half will be antibonding, but this varies with atomic number. Molybdenum
has six electrons in these orbitals available for bonding: five from the 4d subshell
and one from the 5s subshell. Interestingly, this aligns with what is expected to be
the maximum bonding configuration as all the bonding orbitals will be full compared

to none of the antibonding orbitals. The hardness, high melting temperature, and
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density of refractory metals are a direct consequence of this electronic behavior as
niobium, tantalum, tungsten, rhenium, and molybdenum are all around this maxi-
mum bonding configuration. To contrast this behavior, mercury (also a period six
element) has all the bonding and antibonding orbital filled, resulting in the property
of being a liquid at room temperature. In addition to impacting basic macroscopic
properties, experimental studies and theoretical calculations on phase stability of the
transition metals have repeatedly indicated that the crystal structure is dependent

on the number of valence d electrons per atom.

2.1.2 Crystal Structure

Transition metals predominantly have either a body-centered cubic (BCC), face-
centered cubic (FCC), or hexagonal close-packed (HCP) crystal structure. The unique
electronic environment in the valence shells of transition metals results in a pattern
of HCP-BCC-FCC crystal structures across rows 3 through 7 of the periodic table.

Of the three common crystal structures, FCC and HCP are considered to be close
packed structures as the coordination number, or the number of nearest atoms, is the
highest among the known crystal lattices. The BCC structure is not considered close
packing because its coordination number is eight as opposed to twelve for both the
HCP and FCC structures. The determination of which crystal structure is preferred
is dependent on the free energy involved in the packing, with the lower energy being
adopted. As pressure or temperature changes, it is possible for a metal to undergo
a phase transition where its crystal structure changes to another lattice type that
minimizes the free energy in the system. The ratio of valence d electrons per atom
determines the most stable crystalline structure for a specific element. Moving from
left to right across the transition metal periods, the amount of valence d electrons

increase, thus increasing this ratio. The free energy of the BCC crystal structure is
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lowest for Group 5 and 6 metals [58]. In most of the transition metals, the energet-
ically favorable crystal structure changes with increasing pressure which causes an
electronic structure change that mimics an increase in the valence d electron-to-atom
ratio. This phenomenon is known as the s-d transition [59] and is due to the spatial
orientation of the s and p states. The s and p extend further from the nucleus and are
more strongly effected by the high pressure than the d orbitals which are held closer to
the atomic core. During this process, the s and p states increase in energy to become
more d-like in nature. This transition does not induce large changes in the electronic
structure however a move to the right by one periodic group has been experimen-
tally observed in the lighter transition metals, namely titanium and zirconium, where
their normal HCP structure transforms into a distorted BCC structure of vanadium
and niobium at high temperatures [60]. Niobium has been shown to remain in the
BCC structure up to 1000°C through multi-cell Monte Carlo computational analysis
[61]. The heavier, central transition metals like molybdenum and tungsten do not
exhibit this behavior and remain in their BCC at high temperatures and pressures,
although the transition has been predicted in molybdenum by theoretical free energy
calculations [58].

The BCC crystal structure is responsible for the numerous benefits that ensure
molybdenum is a highly sought after additive to, or main constituent of, many dif-
ferent industrial and technological components; however, it is also responsible for
deleterious behavior during AM processes due to decreased room temperature duc-
tility. While the FCC structure tends to be more stable at high temperatures as it is
a close-packed system, the BCC metal offers superior slip-resistance due to a smaller
number of close-packed planes. This results in a metal that remains strong at high
temperatures, but is less ductile at low temperatures. A common property among

BCC metals is a high ductile-to-brittle transition temperature (DBTT) where the
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metal is only ductile at elevated temperatures. Complicating ambient temperature
ductility is the lack of any truly close-packed planes in the BCC lattice where, in a
simplified model, none of the atoms are touching one another along the slip planes
as they do in FCC metals. In order to activate the slip planes, energy needs to be
added to the system. Below the DBTT there is not enough thermal energy available
to activate the slip planes and promote ductility.

The BCC structure of molybdenum greatly affects the ductility of the metal at
low temperatures; however, it drastically improves the high temperature strength.
Ductility is a measure of a material’s ability to undergo plastic deformation prior to
fracture. The mechanism of plastic deformation is the process of slip. Slip occurs
in crystal materials along preferred planes and in preferred directions. Each crystal
system has preferred slip systems, the combination of a plane and direction. Defor-
mation occurs through the movement of dislocations along slip systems containing
close-packed planes. For BCC materials without close-packed planes, only certain
systems can act as glide planes. The preference of plane is affected by various exter-
nal factors such as temperature, strain rate, and sample preparation. In molybdenum
the slip systems are shared with tungsten and include the <111> slip direction in
combination with either the {110} or {211} slip planes. Deformation twinning in
molybdenum can compete with the slip process in molybdenum at high strain rates
and low temperatures. Generally, deformation twinning has a higher activation en-
ergy than slip at low and medium strain rates. If favorable, twinning can lead to
large amounts of plastic strain [62]. Deformation twinning can occur more readily
in the presence of stress concentrators, such as nanoparticle inclusions [63]. Due to
deformation requiring planes of atoms to slip over one another, this becomes more

difficult in the BCC structure without added energy.
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2.1.3 Oxidation

Despite the numerous benefits presented by the BCC crystal structure, use of
pure molybdenum is limited in high temperature operations due to rapid oxidation
at elevated temperatures, to include those seen in LPBF, and requires the inclusion
of so-called oxygen-getters, that will preferentially oxidize over molybdenum.

Two predominant stoichiometric oxides have been confirmed experimentally: molyb-
denum dioxide, MoO,, and molybdenum trioxide, MoOj [64]. The oxidation process
of molybdenum in oxygen occurs in four distinct phases. In the first phase molybde-

num is oxidized to its +4 oxidation state and forms MoO, by the following equation,

Mo(s) + Oz(g) = MoOs(s). (2.1)

Up until about 400°C the MoO, scale is relatively stable and adherent to the surface
of the molybdenum substrate. During this phase, the rate-controlling process is the
diffusion of either the metal or oxygen through the oxide layer. The second phase
begins above 500°C, where the process is no longer controlled by diffusion in the
bulk, but instead the reaction rate between oxygen and the dioxide on the surface.
The surface, covered in a MoO, scale, becomes further oxidized to MoOs where

molybdenum is in its +6 oxidation state by the following equation,

2Mo00s(s) + O2(g) — 2Mo0Os(s). (2.2)

The vapor pressure of the trioxide is relatively high and it volatilizes from the
surface such that the oxide scales are not protective. In the third phase, above the
melting temperature of MoOs (795°C) the oxidation rate increases further because
diffusion of oxygen through the liquid oxide is higher than the solid [57]. The fourth

and last phase occurs at very high temperatures where the oxide volatilizes as quickly
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as it is formed on the surface and the oxidation rate is only governed by how quickly
the oxygen can impinge on the surface of the molybdenum [65]. While these reac-
tions are thermodynamically favored at room temperature and kinetically favored
at elevated temperatures, induced reduction of molybdenum oxides can occur in the
presence of hydrogen.

The reduction of molybdenum oxides is an important process in the production
of powdered molybdenum. As will be discussed in Section 2.2.1, due to high melting
point and volatility, normal production methods are not used and it is produced
through powder based techniques. Molybdenum powder is produced through a two-

stage process that reduces sequential oxides to pure molybdenum:

MoOs3(s) + 2Hy(g) — MoOs(s) + HyO(g), (2.3)

MoOs(s) + 2Hy(g) — Mo(s) + 2H0(g). (2.4)

At temperatures above 400°C and in the presence of CO, MoOj3 can be reduced

to MoQOa,, albeit slowly at this temperature. At temperatures above 810°C, MoQ, is
further reduced to molybdenum carbide (MoyC) by the following reaction [66]:

2Mo005(s) + 6CO(g) — MosC(s) + 5COs(g). (2.5)

More recent literature points to a two-step reaction stoichiometry and mechanism
for the reduction of MoOj3 to MoO,, and further reduction of MoO,y to Mo,C that is

shown in the following reaction [67]:

MoOs(s) + 0.51C(s) = MoOs(s) + 0.485C05(g) + 0.025CO(g),  (2.6)

22



MoOs(s) + 4.175C(s) — MoyC(s) + 2.35CO(g) + 0.825CO4(g), (2.7)

as determined through thermogravimetric analysis. The preparation of Mo, C requires
5.87 wt% carbon which is significantly more than the carbon present in the 0.1wt%
silicon carbide. Oxygen levels during this work were held below 300 ppm which is
about a third of the measured oxygen present in the LPBF build chamber [67].

The formation of MosC has been documented in LPBF research. Braun et al. [34]
demonstrated that at weight percentages of carbon from 0.25% up to 2.2 wt%, Mo,C
is formed during consolidation.

There has not been much work in the literature on the addition of hydrogen to
the build chamber atmosphere of LPBF machines. Kemnitz et al. [68] added 3%
hydrogen to argon in order to print pure tungsten and saw improved bend strength
potentially due to an increased concentration of oxides found in the material. The
oxides themselves demonstrated a needle-like structure that is more commonly as-
sociated with WO, 9 and WO, 7, indicating reduction of WO3 occurring during the
printing process [68]. The influence of hydrogen as a component of the shield gas mix-
ture has been investigated on light metal alloys as well. The addition of 2% hydrogen
to the argon shield gas for the printing of WE43, a magnesium alloy, significantly
reduced the variation in print density and form factors of consolidation components
[69]. Both of these studies represent initial, exploratory work; however, they show
the benefits of a reducing atmosphere in the consolidation of metals through LPBF.
Control of the build chamber environment has been shown to improve the consolida-
tion process for refractory metals, but it is not the only method of limiting oxidation
during the build process.

Additions to the refractory metal powder systems that have a higher affinity for

oxygen are the so-called ”oxygen-getters” and have improved LPBF functionality for
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refractory metals like tungsten and molybdenum. The premise behind these additions
are that their oxidation reactions are more favorable than the oxidation of molybde-
num and will take a portion of the oxygen out of the system. For molybdenum,
the main addition seen in the literature concerning LPBF is carbon [29, 32, 33, 34].
Carbon reacts with oxygen to form both carbon monoxide (CO) and carbon dioxide
(COs). CO can further react with oxygen to form CO,. Both species are gases and
leave the surface of the consolidated material. In support of the research objectives
outlined in Chapter 1, silicon carbide was added to the molybdenum powder prior to
printing. The specific processes behind the oxidation of silicon carbide are described
in Section 4.3, but the thermodynamics behind the oxidation preference for silicon
and carbon over molybdenum will be discussed here.

Determining the thermodynamic preference of a certain chemical process is done
by calculating the associated standard free energy change. An informative way to
show these free energy changes and thus determine the thermodynamic driving force
is through an Ellingham diagram. The diagram, a plot of the change in Gibbs free
energy (AG) with temperature, will show the relative stabilities of the selected metals
and their oxides, and in turn the thermodynamic preference between the oxidation
reactions themselves. The lines in Ellingham diagrams are determined through the

equation for Gibbs free energy,

AG® = AH®° — TAS®, (2.8)

where AH is the enthalpy and AS is the entropy. Enthalpy measures the energy
that is either absorbed or released in endothermic and exothermic reactions and
processess, respectively. Entropy measures the disorder of a system, i.e. a change in
entropy will be positive when a phase change occurs from a liquid to a gas. Enthalpy

and entropy are functions of the constant pressure heat capacity, which itself is a
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function of temperature. While both enthalpy and entropy are relatively stable with
temperature this only applies to small temperature changes, which are present during
the LPBF process.

The Ellingham diagram presented in Figure 2.1 provides an avenue for determining
the relative ease of reducing a given metallic oxide to metal. Ellingham diagrams are
used for determining the equilibrium partial pressure of oxygen with the metal oxide
at a given temperature. For the powder system used in this research, there are
three elements (molybdenum, carbon, and silicon) that oxidize during the printing
process and it is important to understand the thermodynamic preference at which this
oxidation takes place. Figure 2.1 uses the thermodynamic quantities [70] shown in
Table 2.2 to give a position of the line that shows the relative stability of the oxide as
a function of temperature. It should be noted that, despite not being shown in Figure
2.1, at temperatures above the boiling point of the solid oxides, the lines for those
reactions will change in slope due to the melting or vaporization of any of the species
involved. The line for the oxidation of carbon to carbon dioxide is, coincidentally,
horizontal due the stoichiometrically balanced reaction showing that a solid reacts
with one mole of gas to produce a mole of gas. In the case of carbon oxidation to
carbon monoxide two moles of solid react with one mole of gas to produce two moles
of gas and results in a significant increase in the entropy.

If a line is positioned below another, the given metal on the lower line will reduce
the oxides of the metals shown above it. As the lines for the oxidation of carbon into
carbon monoxide is negatively sloped while the molybdenum oxides are positively
sloped, at the elevated temperatures seen in the powder system during LPBF, the
carbon oxidizes and reduces the molybdenum oxide to pure molybdenum. Similarly,
the lines of the silicon oxides are lower than molybdenum. Comparing the silicon

and carbon oxidation line indicates that silicon will also reduce carbon oxides under
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Table 2.2. Standard thermodynamic properties of the materials used in this research

at 298.15 K. (s) and (g) denote the solid and gas phase, respectively.

Chemical Formula

AH° (kJ/mol)

AS;° (J/mol - K)

Mo (s)
MoO, (s)
MoOs3 (s)

C (s)

CO (g)
CO; (g)

Si (s)
SIOQ (S)

O: (g)

0.0
-588.9
-745.1

0.0

-110.525
-393.509
0.0
-910.94
0.0

28.7
46.3
70T
5.74
197.674
213.74
18.83
41.84
46.3

-100
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Standard Free Energies of Formation of Oxides (kJ/mol)
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Temperature (DC)
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Figure 2.1. Ellingham diagram depicting the standard Gibbs free energy for the oxi-
dation reactions of interest in this research as a function of temperature.
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thermodynamic equilibrium.

Ellingham diagrams assume that equilibrium is achieved at a particular tempera-
ture. The rapid cooling and changing diffusion rates during the LPBF process indicate
that achieving equilibrium is unlikely. However, experimental and theoretical oxida-
tion studies have shown that bulk oxidation follows thermodynamic preference [71].
Oxidation occurs rapidly during the LPBF process, even at low partial pressures of
oxygen [72], and although a simple approximation, Figure 2.1 provides evidence for

the use of silicon carbide as an oxygen-getter in the molybdenum powder system.

2.1.4 Solute Behavior in Molybdenum

While oxidation occurs rapidly at the molybdenum surface, the solubility of oxygen
within the bulk material is very low and after consolidation the oxides are found to
have segregated to the grain boundaries. The molybdenum-oxygen phase diagram
demonstrates this low solubility and is shown in Figure 2.2 [73].

The partial pressure of oxygen present in the build chamber is purged by the build
chamber atmosphere and kept under 1000 ppm, but there is oxygen present on the
powder particles themselves, due to the high surface area, that is available for oxida-
tion. Figure 2.2 shows that oxygen has a negligible solubility in solid molybdenum
and as the primary molybdenum phase forms during solidification, it is pushed to the
surrounding liquid phase which solidifies by eutectic transformation. In this partially
melted zone, if there is enough oxygen present, it can embrittle the material and re-
sult in hot cracking. The oxygen present in the melt solidifies as molybdenum oxide
rather than remain in the gaseous phase. The eutectic regions where these oxides
form become grain boundaries in the consolidated material and, due to their brittle
nature, are deleterious to the overall mechanical properties.

The Hume-Rothery rules state that a substitutional solute should have an atomic
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Figure 2.2. Molybdenum-oxygen binary phase diagram. Permission to use this figure
has been granted by the publisher.
radius that differs by no more than 15%, whereas for interstitial solutes, the atomic
radius of the solute atoms should be less than 59% of the radius of the solvent atoms.
The differences for oxygen, carbon, and silicon are 74%, 65% and 42%, respectively.
Oxygen and carbon are interstitial solute atoms in molybdenum; however due to their
large differences in electronegativity and valencies, solubility is limited and intermetal-
lic compounds form if the solute concentration increases [74]. The molybdenum-
carbon phase diagram is shown in Figure 2.3 [75]. The molybdenum-silicon phase
diagram is shown in Figure 2.4 [76].

The radius of silicon is too large to be considered an interstitial solute atom in
molybdenum, and is known for contributing a solid solution strengthening effect. Sil-
icon is, however, rather small to act as an easy substitutional atom and first principle

calculations show that the solubility is limited as the bonds formed between the sili-
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Figure 2.3. Molybdenum-carbon binary phase diagram. Permission to use this figure
has been granted by the publisher.
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Figure 2.4. Molybdenum-silicon binary phase diagram. Permission to use this figure
has been granted by the publisher.

con and molybdenum do not energetically balance with the energy cost of removing
a molybdenum atom from the lattice [77]. Due to their limited solubility in molybde-
num, it is unlikely to find these smaller atoms well distributed throughout the bulk
of the metal. More likely there will be segregation to the grain boundaries as the

melt-pool cools and solidifies.
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2.1.5 Strengthening Mechanisms

A proven solution to strengthening molybdenum is through adding dopants, whether
through pure alloying or the addition of oxides. The addition of lanthanum oxides
to molybdenum wire improved the tensile strength through dislocation, or strain
hardening [78]. TZM, an alloy of titanium (0.50 wt%), zirconium (0.08 wt%), car-
bon (0.03 wt% and molybdenum (balance), experiences higher strength due to the
formation of secondary phase carbides (precipitation hardening) and a finer grain
structure (grain-boundary hardening) [79]. The limited solubility of silicon, carbon,
and oxygen in molybdenum likely rules out a strengthening effect due to solid solu-
tion hardening; however, there are numerous other mechanisms still available to both
the pure molybdenum and Mo-0.1SiC specimens that could influence the mechanical
properties.

Grain-boundary strengthening, also known as Hall-Petch strengthening, results
from changing the grain size of a material. Grain boundaries impede dislocation mo-
tion resulting in a higher activation energy for deformation. Smaller average grain
sizes indicate the presence of more grain boundaries and dislocation pinning points
resulting in the increased strength of a metal. The development of a secondary phase
could lead to dispersion or precipitation hardening depending on the size of the sec-
ondary phase particles. The presence of a secondary phase creates strains within the
crystal lattice impeding dislocation. Incoherent secondary phases that create mis-
matches in the crystal lattice are more effective at impeding dislocation motion than
coherent phases which can be crossed by more favorable processes. Finally, strain,
or work, hardening can be used to increase dislocation density. A microstructure
containing a high dislocation density generates more strain in the lattice where dislo-
cation entanglement and intersections, or jogs, act as another form of pinning points

to impede dislocation motion, preventing slip, and increasing the strength [74]. Gen-
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erally in traditionally manufactured metals these strengthening mechanisms can be
controlled with very high precision through post-processing heat and work treatments.
For as-built LPBF materials, the development of these mechanisms is governed by

the processing parameters.

2.2 Manufacturing and Processing

The following section provides information on the fabrication methods available
for producing molybdenum components. The material properties of molybdenum
place inherent limitations on production methods; however, these limitations provide
an opening in the design space for alternative fabrications methods, such as LPBF.
Section 2.2.1 describes the methods by which molybdenum is currently produced and
the associated microstructure and mechanical properties. Section 2.2.2 introduces the
terminology and background on the LPBF technique and provides an update on the

current state of molybdenum produced by this method available in the literature.

2.2.1 Traditional Material Processing

The volatility of molybdenum oxides at relatively low temperatures (>550°C) pre-
vents the use of methods such as smelting for molybdenum production. Generally
molybdenum components are produced through sintering, arc casting, and electron
beam melting techniques. Sintered products are the most common commercial form.
Arc cast products are significantly more expensive while electron beam melting com-
ponents are essentially laboratory grade and prohibitively expensive [80]. LPBF offers
an adaptable and relatively inexpensive avenue for commercial production if the issues

mentioned in Section 2.2.2 can be solved.
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2.2.1.1 Fabrication

The three traditional routes for producing molybdenum: sintering, arc casting,
and electron beam melting, are all powder metallurgy methods that require powder
produced through a two-stage reduction process. Molybdenum is generally found in
nature as molybdenite (MoSs) ore which contains roughly 59% molybdenum by mass.
Preparation of the raw ore requires chemical and mechanical processing to separate
the MoS, from surrounding minerals followed by oxidation to MoO3 and sulfur dioxide
through a roasting process. The oxide is either converted to ammounium dimolyb-
date or reduced directly by hydrogen to the lower oxide, MoO,, before the second
stage of the reduction process that reduces MoO; to pure molybdenum powder. The
morphology of the powders are controlled during this part of the process. Further
processing of the powders are accomplished through the three production methods
mentioned above [80]. Following consolidation of the powder the pressed and sintered,

or cast, ingots are formed through mechanical means.

2.2.1.2 Mechanical Finishing and Heat Treatments

Pressed and sintered molybdenum was used as a standard for positron measure-
ments presented, so the discussion on mechanical finishing, heat treatments, and
mechanical properties in this section will be limited to rolled plates. Compared to
the arc-cast and electron beam melting methods, pressed and sintered molybdenum
lacks rigid control of grain boundary formation and behavior. Post-consolidation,
and during the rolling process, the metal ingot is passed through one or more pairs of
rollers to reduce the thickness. This can be done above or below the recrystallization
temperature.

During the hot rolling process the molybdenum is kept above the recrystallization

temperature which allows for the deformed grains to recrystallize during the process.

32



The recrystallization temperature of molybdenum is around 900°C and hot rolled
molybdenum kept above this temperature will have an equiaxed microstructure. The
hot rolling process is generally easier due to the increased workability of the metal.
Grain sizes of sintered and pressed molybdenum are smaller than those of the other
two production methods, but they can be increased during the hot rolling process.
The rolling of pure molybdenum at 1700°C and 2300°C resulted in significant grain
size increases [81]. While the larger, recrystallized grains of hot rolled molybdenum
result in a material with reduced internal stresses and increased ductility compared
to cold rolled molybdenum, the strength and hardness are negatively impacted. The
process of cold rolling decreases grain size through mechanical work and does not
provide the thermal energy required for recrystallization or grain growth. According

to the Hall-Petch equation,

k
y = 00 + \/_yav (29)

where o, [MPa] is the yield strength, oy [MPa] represents the stress at which disloca-

g

tion movement begins, k, [MPa/um] is a material constant, and d [pm] is the grain
diameter, a reduction in the grain size increases the strength of the material. The
molybdenum plate used as a standard for this research was manufactured per ASTM-
B-387-18 [82]. The EBSD map is shown in Figure 2.5 and has a dense, equiaxed,
microstructure with a strong <111> fiber texture. The average grain diameters were

determined to be 4.66 £0.28um.
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Figure 2.5. EBSD inverse pole figure (IPF) map for traditionally manufactured molyb-
denum with determined texture intensity.

The kernel average misorientation map (KAM), Figure 2.6, measures the local
grain misorientation in the traditionally manufactured molybdenum. Areas of higher
misorientation are indicated by the color green. Generally, misorientation is higher in
areas of high dislocation density or lattice distortion. Figure 2.6 exhibits very little

green within the grains, indicating low distortion and residual stress.
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Figure 2.6. KAM map for traditionally manufactured molybdenum.

By the standard, ASTM-B-387-18 [82], the molybdenum products are to be de-
livered in a wrought and stress-relieved state. The molybdenum bar used for these
initial treatments was likely rolled and only acceptably stress-relieved, with very little

grain growth, to yield the displayed microstructure.

2.2.2 Additive Manufacturing

Additive manufacturing is a large family of processes that have become known for
their ability to produce complex three-dimensional components in a more time, mate-
rial, and cost effective manner than traditional subtractive manufacturing techniques.

There are a variety of AM processes that can be broken down into different categories,
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but this research will focus on the LPBF process. Commercially this process goes by
many names including selective laser sintering (SLS), selective laser melting (SLM),
direct metal laser sintering, and LPBF. A basic understanding of the LPBF technique,
process parameters, and build chamber environments is vital to sifting through the

vast amount of work published on the LPBF of refractory metals.

2.2.2.1 Laser Powder Bed Fusion

The first successful application of laser-based AM to metals was reported in 1990.
This work applied the SLS process to copper, tin, and lead [83]. The SLS process
differs from LPBF or SLM because full melting of the metals is not achieved. The
LPBF process uses a high-power laser to melt successive layers of nano- to micron-
sized powders, essentially welding layers of metal together into a three-dimensional
structure. Software such as MATLAB or computer aided design programs are used to
develop the designs. The designs are loaded into the printer and the build process is
mostly hands-free and automated. AFIT has a Concept Laser Mlab Cusing 200R 3D
metal printer, produced by General Electric in Boston, Massachusetts. This printer
has a 200W Yb:YAG fiber laser that produces a wavelength of 1080 nm and a focus
diameter of around 50 pm [84]. The standard atmosphere within the build chamber
is pure argon. Oxygen levels are maintained at <1000 ppm. Recently, modifications
were made to introduce a 3% hydrogen/97% argon atmosphere to reduce oxygen levels
even further.

A useful benefit of LPBF is the ease of which combinations of different powder
materials can be mixed and printed. The first step in the AM process is preparing
the powders. If the build is a pure metal, the powder is simply placed into the
build chamber of the printer and the build process can begin. If a combination of

powders is desired, the powders are separated into 200 g portions according to the
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weight percentages of the desired combination. This is the ideal amount of powder for
mixing in the FlackTec, Inc Speed Mixer. Powders are added by wt% meaning that a
200 g quantity of Mo-0.1SiC would contain 199.8 g of molybdenum and 0.2 g of silicon
carbide. The Speed Mixer is designed to accept disposable sample cups that limit
cross contamination. Each mixing run takes approximately a minute. Longer mixing
times are unadvised due to the heat generated through friction between the mixing
metal particles. After each mixing run the samples are allowed to cool before any
subsequent mixing. Multiple runs are often needed to ensure a sufficient homogeneous
mixing. Once mixed and cooled the powders are placed into the powder chamber of
the printer.

The build process begins with the input of the build design, addition of powders,
and selecting of process parameters. About 2000 g (10 mixing cups) worth of metal
powder is needed for a 10 mm tall build. After the printer receives a thorough
cleaning to ensure no cross contamination of powders, the powder chamber is lowered
to accommodate the new powder. For the prints conducted in support of the research
objectives in Chapter 1, the build chamber contained a steel build plate with four
round copper inserts that the build are actually printed on. Copper has been shown
by work at AFIT to be the best substrate for molybdenum-based prints due to its
high thermal conductivity.

At the initiation of the build, the plates in the build chamber are first exposed to
a few laser passes. This melts the copper inserts in the same manner (i.e. scan speed
and pattern) that the prints will be processed and prepares them to accept the metal
powders. The powder is introduced to the build chamber by a wiper blade. The
first few layers of powder are printed using standardized parameters to ensure proper
cohesion to the build plate and successful melting is occurring. The build chamber

plate lowers and the powder chamber plate raises layer after layer. Once adhesion
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to the build plate is confirmed through visual inspection, the desired parameters are
input and the rest of the print is automated and hands-free. Each layer of powder is
exposed to the laser and melted. The melting process remelts a few layers underneath
the surface which ensures the new layer is welded to the rest of the component. With
every pass of the wiper blade, excess powder is expelled to an overflow container. At
the end of the build, the printed components are surrounded by unmelted powder.
This powder is added to the overflow container during the cleanup process and this
powder can then potentially be recycled. Components are removed from their build

plates through electric discharge machining (EDM) at the AFIT Model Shop.

2.2.2.2 Process Parameters

The process parameters that can be adjusted for each build are the laser power,
scanning speed, hatch spacing, layer thickness, and scanning strategy. Laser power
and scanning speed combine to dictate the energy that is directed at the powder.
Increasing the laser power and reducing the scanning speed produces higher energy
deposition and reducing the laser power and increasing the scanning speed has the
opposite effect. Hatch spacing refers to the distance between scanning paths. A
reduced hatch spacing results in remelting of previously melted scan paths. Reduc-
ing the hatch spacing can lead to excessive remelting and longer build times, while
increasing the hatch spacing can result in poor build quality due to poor welding
between scan paths. Layer thickness can be dictated by adjusting the height that
the powder chamber floor rises between laser exposures. Excessive thickness can lead
to poor melting and welding of the surface layer to the bulk material. A number of
these parameters contribute directly to the amount of energy supplied to the powder

system. The volumetric energy density (VED) is calculated by Equation 2.10,
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E=-— (2.10)

where p is the laser power, v is the scanning speed, h is the hatch spacing, t is the
layer thickness, and FE is the volumetric energy density [85]. The scan strategy of a
build is the path that the laser takes across the surface of the build. Theoretically any
path is possible, but in practice only a select few are chosen. A continuous scanning
strategy, where the laser melts the entire powder surface through a winding path, with
a rotation of 90° for each layer has been shown by work at AFIT to reliably produce
relatively high-quality surfaces. Printing refractory metals, like molybdenum, requires
careful optimization of the printing parameters, as defects and porosity are driven by

improperly balanced procedures.

2.2.2.3 Laser Absorbance of Powder Systems

The process parameters of LPBF are easily altered; however the determination
of an optimal set of parameters is difficult due to a large design space. Modeling
efforts take into account the various parameters described in the preceding section,
but another very important component is the absorption of the laser energy by the
metal powder system and the nature of its spatial distribution.

The absorbance of a material is the ratio of the absorbed radiation to the incident
radiation which is generally determined by transmission spectroscopy measurements.
Absorbance is dependent on the wavelength of the laser, powder morphology, build
chamber atmosphere, and temperature. The pore structure of the powder particles
creates areas where additional radiation is absorbed and metals generally exhibit
higher absorbance in the powder form than in the solid form. As the powder begins
to melt, the structure of these pores changes rapidly inducing a change in the laser

absorbance during processing [86].

39



Diffusive radiation transport has been used to model laser absorption [87], how-
ever, this model assumes a deep powder bed and is not in agreement with the thin
layers of the powders used during the LPBF process. Boley et al. [88] conducted a
study that focused on the laser absorption of metal powders used in AM processes
through a ray tracing model. Initial calculations showed that the absorptivity of a
powder is much higher than a flat surface due to scattering contributions. The vast
majority of absorptivity occurs within the top two layers of the powder particles and
multiple scattering events have a significant impact.

In the case of the molybdenum and mixed Mo-0.1SiC powders, a beam of light
cannot be passed through a pressed pellet to make use of transmission spectroscopy
and instead diffuse reflectance measurements were conducted. The absorptivity of a
material can be measured through diffuse reflectance spectroscopy and it is commonly
employed for powders which generally have internal inhomogeneities where scattering
plays an important role in the propagation of incident radiation. The Kubelka-Munk
(K-M) theory is the most commonly used model to analyze diffuse reflection. The

K-M equation is shown in the equation for diffuse reflectance,
k k k
Roo=1+—— —<2+—>, (2.11)
s s s

where k is the absorption coefficient of the powder and s is the scattering coefficient.
R, is the absolute reflectance for an infinitely thick sample. For a perfect diffusely

reflecting sample, this value is unity [89] The absorption coefficient is given by,

K
k=A4n— 2.12
", (212)

where A is the wavelength of the laser and & is the extinction coefficient, an intrinsic

property. The K-M model can be simplified so that a ratio of the absorption and scat-
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tering coefficients can be determined from only the diffuse reflectance measurements
as given by,

E (1 —Ry)?

s

= . 2.1

The K-M model treats the scattering coefficient as a constant in regards to the wave-
length of the laser, but while it is predominantly a function of particle size and re-
fractive index, not the wavelength of the laser it does vary slightly with wavelength.
Additionally, the photon scattering is greatly impacted by the packing density and
morphology of the powder itself as demonstrated by Boley et al [88]. The impact
of scattering on laser absorbance has been investigated in various metal powders,
although no work has been accomplished in this field with refractory metals to date.

Jadhav et al. documented the effect of coating copper particles with carbon and
tin [90, 91]. Uncoated copper has high optical reflectivity in the IR range at which
LPBF lasers operate. This results in poor coupling of the laser to the powder system.
Through calculations using the Fresnel law, it was determined that tin offers much
higher optical absorption than copper with values of ~21% and ~3%, respectively at
1080 nm. It should be noted that these values are for the flat metals and powders
would exhibit much higher values due to the aforementioned scattering effect. By
coating the copper with a dilute addition of tin (0.28 wt%), the optical absorbance
increased by 32%. Similarly, mixing 0.1 wt% carbon produced an increase of 62% in
absorbance.

Tertuilano et al. [92] also addressed LPBF of copper by introducing three different
nanoparticles: copper sulfide, titanium boride, and graphene flakes. Graphene showed
the largest improvement of absorption with an increase from pure copper at 0.9 to
0.48. This research varied the laser power and showed that the absorptivity decreases

as a function of increasing laser power. Copper sulfide has the highest intrinsic
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absorptivity among the three additives, but its instability under LPBF conditions
resulted in a very minor increase in the mixed powder system.

Both Pannitz et al. [93] and Gu et al. [94] investigated the addition of nano-
sized silicon carbide additions to LPBF steel and AlSil0Mg, respectively. Diffuse
reflectance measurements showed that the silicon carbide reduced the reflectance of
steel powder from 10.2% to 9.2%. The decrease in reflectance was attributed to
an increase in surface roughness which improves coupling between the laser and the
powder system. This was correlated to atomic force microscopy measurements. Gu et
al. showed that the absorptivity of a randomly packed powder bed of pure AISi10Mg
ranged from 0.19 to 0.32 as the laser beam traveled across. The addition of silicon
carbide increased this to between 0.37 and 0.59. Again, the increased interactions
between the laser beam and powder particles was highlighted.

The small set of previous research that was presented in this section consistently
identifies the impact of nanoparticle additions to the LPBF powder system. By
increasing the opportunities for the laser beam to scatter off of particles, the ab-
sorbance is increased. It is clear that the morphology and stability of the additions
under LPBF conditions is important. Research into the influence of laser-powder

coupling continue, but has not yet been applied to refractory metals.

2.2.2.4 Current Progress of LPBF Molybdenum

The following section provides a literature review on the current state of the art in
the LPBF of pure molybdenum. Initial work into the LPBF of molybdenum began in
2015 [30] and has subsequently received attention by various groups almost every year
since. The concerns of the technique became clear very early on and the following work
has strove to increase the density, decrease the cracking, and improve the mechanical

properties of the consolidated components. The production of molybdenum through
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the LPBF process has not received as much attention in the literature as other metals;
however, the high-temperature applications for which refractory metals are best suited
has driven a considerable amount of research over the last decade.

Faidel et al. [30] first reported research on the LPBF of pure molybdenum in 2015.
The work was accomplished using a Concept Laser M2 Cusing printer fiber laser at a
laser power of 200 W, a beam diameter of 200 ym, and a nitrogen shield atmosphere.
This study investigated the influence of changing printing parameters, namely the
scan speed, layer thickness, and hatch spacing. Two parameters were changed while
the third was held constant. Comparisons of the printed components were made via
optically determined porosity measurements. Results showed that at a laser power
of 200 W, and a combination of process parameters yielding a VED of 480 J/mm?,
only a maximum density of 82.5% was achievable. Sets of parameters that yielded
higher and lower VED values results in decreased density. Of the three parameters,
hatch spacing proved to have the largest uncoupled impact. If the hatch spacing was
too large, the weld tracks did not overlap and the powder particles could not fuse
together. The scan speed and layer thickness couple together to determine the VED
supplied to the powder system. Altering the scan speed alone did not significantly
impact the porosity values. Faidel et al. concluded that improving density requires
increasing the VED, through an optimized combination of scan speed, laser power,
and layer thickness.

The first modeling and simulation of SLM molybdenum was conducted in 2017
by Leitz et al. [95]. This group used a thermo-fluid dynamical multi-phase sim-
ulation model to compare the SLM process for steel and molybdenum. Compared
to steel, which is a relatively mature SLM product, the melt pool of molybdenum is
much smaller due to a high thermal conductivity and the predominant factor affecting

printing is the VED. This was followed up by experimental work that demonstrated
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the models were able to show good correlation in the scale and trends to the depth
and width of weld tracks based on the print parameters chosen. The model did not
properly account for the large energy input dependence of the molybdenum powder
system which continued to highlight the need for optimized printing parameters. Ad-
ditionally, the group determined that due to the small molybdenum melt pool, the
quality of printed components depends more heavily on the morphological character-
istics of the powder than other metals [96].

Wang et al. [31] investigated the impact of increased VED by using a SLM machine
with a 400 W laser and a spot size of 75 ym. The powders used were processed prior
to printing through dry granulation and plasma spheroidization which increased the
powder diameter, packing density, fluidity, and laser absorptivity. The density of these
prints, as determined through Archimedes’ law, was increased to 99.1%, however
cracks were present in the dense samples. The cracks propagated both along and
across the weld tracks on the print surface. A columnar grain structure was present
in the build direction, but this was partially mitigated by the rotation of the laser
scan path each layer.

A predictive model using a statistical design of experiments approach was identi-
fied for both aluminum and molybdenum, which were targeted by Bajaj et al. [97]
due to high thermal conductivity and difficulty in SLM manufacturing. The model
was developed using analytical heat transfer models and experimentation. Through
their heuristic model the process parameters: hatch spacing, layer thickness, exposure
time, and point distance, were optimized to produce samples with a relative density,
determined through optical measurements, of 97.4% at a laser power of 200 W. Crack-
ing was still present in the consolidated specimens and it was noted that additional
optimization would be required to reduce balling and the build up of thermal stresses.

Braun et al. [29] investigated the impact of oxygen, the process atmosphere, and
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the temperature on the LPBF of molybdenum. It was found that oxygen present
on the powder particles prior to printing and in the build chamber during printing
increased the oxygen content of the consolidation materials. The oxygen, in the
form of molybdenum oxide was found, by TEM imaging, to be segregated to the
grain boundaries. Even while heating the substrate plate to 1000°C and limiting the
oxygen levels in the build chamber to 20 ppm, molybdenum printed with sufficient
laser power was still unable to be produced crack-free. This group concluded that the
impurities must be reduced in order to produce fully dense and crack-free molybdenum
components.

Following up on this work, Kaserer et al. [32] added 0.45 wt% of carbon to the
pure molybdenum mixture in an effort to limit the impact of the oxygen impurities on
the grain boundary strength. In order to achieve crack-free, fully-dense molybdenum,
the oxygen content of the powders and build chamber was minimized, the substrate
was heated to mitigate thermal gradients, and carbon was added to the molybdenum
to address the formation of molybdenum oxides. A chemical analysis of the printed
components revealed a reduction in the carbon and oxygen content from the starting
powder indicating the oxidation of carbon. Dense and crack free SLM molybdenum
components with a 340% increase in bending strength were produced through the
addition of a small amount of carbon. Reducing the VED or substrate temperature
reduced the strength of the material. Density and hardness were also increased and
the fracture mode was converted from intergranular to mostly transgranular.

Another investigation by Braun et al. [33] further studied the carbides found in
the Mo-0.45 wt% C material. The carbide was found to be a type of Mo,C that
has a solubility for oxygen and a semi-coherent interface with the primary phase
of molybdenum. The linkage between the phases resulted in increased interfacial

strength promoting stronger ground boundary behavior and preventing cracks. The
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solubility of oxygen prevented the segregation to grain boundaries as it was trapped
in the carbides.

Higashi et al. [98] conducted an extensive study on the process parameter de-
sign space for pure molybdenum, focusing on defect formation and crystallographic
texture. Laser power, scan speed, and layer thickness were varied and evaluated indi-
vidually. The crystallographic texture exhibited a strong <110> texture at high (350
W) laser power and low scan speed (400 mm/s) which changed to a <001> texture at
high scan speeds (1000 mm/s). It was determined through this study that scan speed
was the only parameter to have a direct effect on the texture. The other parameters
such as laser power, layer thickness, and hatch spacing only tangentially affected the
texture through the VED. The two main defects found in molybdenum: lack-of-fusion
and key-hole pores, were observed but the lack-of-fusion pores disappeared at higher
VEDs. The key-hole pores were present through the range of parameters studied.
High porosity at extremely low VEDs led to a completely random crystallographic
texture.

Oehlerking et al. [99] added 47.5 wt% rhenium to molybdenum and were able to
produced as-built components with >98% density. The addition of rhenium increased
the strength and ductility over that of the pure molybdenum parts, but an increase in
the final oxygen content resulted in persistent cracking. Notably, the columnar struc-
ture typically found in the build direction was mitigated and the texture randomized
due to the addition of rhenium.

Rebesan et al. [100] provided another investigation of the effect of print parameter
variation on the LPBF of pure molybdenum. A laser power of 150 W and scan
speeds between 650 and 800 mm /s yielded densities above 97.6%, per the Archimedes
method. While considered fully dense, cracks and unmelted particles were still present

in the as-built components. The thermal conductivity of the AM components was
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found to be about 50% less than traditionally prepared molybdenum owing to the
microstructural differences and oxygen impurities.

A new method of preparing the molybdenum powders was studied by Guo et al.
[101]. In this study the powders were subjected to a process called the freeze-dry pul-
sated orifice ejection method. This process was capable of producing spherical powder
with controllable particle size and distribution. The powders exhibited improved laser
absorptivity due to their shapes and resulted in the consolidated components’ lack of
unmelted powder particles. The density of the consolidated components and the pres-
ence of cracking were not reported. The process did, however, result in an increase
in oxygen content. The presence of oxides in the consolidated components inhibited
grain growth and increased the hardness.

After the last eight years of research into the LPBF of pure molybdenum, it is
clear that the production of fully dense components is possible, however there is not
yet a clear way to reduce the oxygen impurities to a level that would prevent the
development of cracking throughout the consolidated material. Further research that
focuses on the mitigation of oxidation during the print process is warranted in order

for the LPBF production method of molybdenum to be commercialized.
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III. Positrons: Theory and Experimental Measurements

3.1 Overview

The use of PAS techniques to investigate the microstructure of LPBF molybdenum
and Mo-0.1SiC over the course of the work conducted for this dissertation requires
an introduction and discussion on the core principles of positrons, their interactions
with condensed materials, specifically metals, and the measurement techniques that
are employed to discern useful information from the collected data. The chapter
begins with a brief history lesson detailing the discovery of the positron in Section
3.2. The interactions between positrons and materials can occur by several different
mechanisms from the incredibly quick annihilation of para-positronium (p-Ps) to
the much longer lifetime of ortho-positronium (0-Ps). A breakdown of the positron
behavior in metal is described in Section 3.4. Section 3.5.2 describes the lifetime
deconvolution software package used in this research which is followed by a detailed
introduction to the practical aspects of PALS measurements where examples are
provided of data that was collected on the pure metals: aluminum, copper, titanium,
and molybdenum. Section 3.6 discusses the practical aspects of DBAR measurements

to include information on the experimental setup and how the data was analyzed.

3.2 Discovery

Paul Dirac developed what has become to be known as the Dirac Equation, com-
bining quantum mechanics, electron spin, and special relativity in 1928 [102]. While
the equation’s validity was proven by an accurate, mathematical depiction of the fine
spectrum of the hydrogen atom, it also suggested the presence of antimatter in that
for the electron, there was both a positive and negative solution. Later, in 1928, Dirac

published a second paper in defense of the negative-energy electron and postulated
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that the proton might be the particle that his equation was suggesting existed [103].
Robert Oppenheimer did not agree with this assertion, and in 1931, Hermann Weyl
published an article showing that the negative and positive energy electrons must have
the same mass [104], one drastically lower than that of a proton. In response to this,
Dirac published a third paper arguing that his equation must be accounting for some
not-yet-discovered particle. Quickly following this in 1932, Carl Anderson discovered
the positron while observing cosmic rays in a cloud chamber. In this chamber, par-
ticles make streaks along photographic plates that correspond to the mass-to-charge
ratio of the particle. Under the effect of a magnet there was evidence of particles with
the same mass of an electron, but bent in the opposite direction. While Anderson was
the first to publish his findings, Frederic and Irene Joliot-Curie and Patrick Blackett
and Guiseppe Occhialini had evidence of the positron in separate experiments, but
did not publish the results. Carl Anderson won the Nobel Prize in Physics in 1936
for his discovery of the positron, a particle with the same mass and half-integer spin,

but the opposite charge to that of the electron [105, 106].

3.3 Positron Sources

Positrons can be employed experimentally through either the use of bulk or beam-
based techniques. The positrons are produced through a radioactive decay process
for certain radioisotopes. There is a large number of positron emitting radioisotopes,
but the most commonly used is 2*Na. This is a practical choice for experimental work
due to its relatively long half-life of 2.6 years. The decay scheme for ?2Na is shown in
Figure 3.1.

?2Na has a high positron yield of over 90% through its decay into an positron and
an electron neutrino. The nucleus then enters into an excited state which is relaxed

via the emission of a 1.275 MeV photon which occurs within 4 ps [107]. Positrons
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Figure 3.1. Nuclear decay scheme for ?’Na.

are emitted with a maximum energy (E;q.) of 0.544 MeV, but an average energy of
0.260 MeV. In fact, the positrons are emitted with a distribution of energies ranging
from thermal to the E,, ..

For bulk positron measurements, a ??Na source can be applied experimentally
as a sealed source or by depositing an aqueous solution of ??NaCl containing the
radioisotope directly onto the samples. There are benefits to both options. Using
sealed source allows the source to be reused and the material under test to remain
uncontaminated; however depositing an aqueous solution directly on to the samples,
removes any influence of annihilations that might occur in the sealing material from
the collected spectra. The measurements that were conducted in support of this
dissertation used a 2?Na source sealed in titanium foil. The implications of and

corrections for this source choice are described in detail in Section 3.5.4.

3.4 Positron in Materials

Positrons interact with matter in a variety of ways that are decipherable through
measurement techniques and can tell a unique story depending on the material un-
der test. All experimental techniques require implantation of the positrons into the
material with as little interference from the source itself or the environment between

the source and the sample. As mentioned, positrons are emitted in a distribution of
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energies and thus it is expected that the positrons will have an implantation profile
based on their energies.
The implantation profile for positrons emitted from a radioactive source can be

empirically described by the equation,

P(z) = (722, (3.1)

where « is the linear absorption coefficient [cm™'] and z is the depth [cm]. A num-
ber of empirical linear absorption coefficient expressions have been provided in the

literature. Brandt and Paulin [108] developed the expression,

p
=172 (3.2)

max
where p is the density of the material [g/cm?] and E, .., is the maximum energy of
the positron [MeV]. Mourino et al [109], using experimental measurements involving

materials with a wide range of atomic numbers determined the following expression,

a = 2682, (3.3)

where Z is the atomic number of the material under test. Dryzek and Singleton [110],

through experimental and theoretical analysis, presented the following expression,

0.17

F1.28 '

max

a =12.6p (3.4)

The implantation profiles for positrons in molybdenum using the linear absorption
coefficients above are shown in Figure 3.2. There are differences in the calculated
linear absorption coefficients determined from the three expressions. It should be
noted that the uncertainty associated with the value calculated through the Drzyek

and Singleton method is about 30% [110], which was much higher than many of the
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other materials analyzed, and thus some variation in the profiles from various works

should be expected.

Brandt and Paulin
Mourino et. al

0.8F —— Dryzek and Singleton |1
0.6
£
o
0.4}
0.2F
u 'l
0 50 100 150

Penetration Depth (;:m)

Figure 3.2. Probability functions for the implantation depths of positrons in molybde-
num from a 2?Na source are plotted for the three linear absorption coefficients refer-
enced from previous literature.

Even with the variation, it is clear that the vast majority of positrons emitted from
2Na are expected to be stopped within about 100 pym of the molybdenum surface.
This illustrates the fact that the positrons are sampling a three-dimensional space
within the molybdenum, dependent on the energy of the positron and distribution of
the radioactive material within the active area of the sealed source.

After implantation into the material, the positron will reach thermal energies very
quickly (within a few ps) [107] relative to the lifetime of the positron within the ma-
terial. This thermalization can occur by a number of different processes based on
the energy of the positron. At high energies, the positron can ionize atomic nuclei
or excite plasmons and at low energies, the positron will lose energy through inter-
actions with phonons and by forming electron-hole pairs [107]. After thermalization

the positron will diffuse through the crystal lattice in a random-walk manner. The
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distance through which the positron diffuses is based on the material. In molybde-
num, this diffusion length is somewhat less than 100 nm with the distance increasing
depending with annealing time or temperature [111].

The diffusion of the positron through the crystal lattice allows for the positron to
sample relatively large swaths of volume compared to other measurement techniques
and contributes to the usefulness of PAS measurement techniques. As positrons
impinge the surface of a material, some fraction are returned to the source due to
backscattering and increases with atomic number [112]. For those positrons that im-
plant and remain, the movement through the material is manifested predominately
by Coulombic interactions. Positrons are positively charged and attracted to regions
of low atomic density, or relatively high electronic density. Positrons will be predom-
inantly attracted to regions of negative charge such as open-vacancy type defects. In
materials with large regions of low electronic density, the positron may diffuse out of
the material and be re-emitted. If a positron remains in the material and thermal-
izes, it will eventually annihilate with a rate that is dependent on the overlap of the
positron and electron wavefunctions.

The annihilation of positrons and electrons results in the conversion of mass to

energy according to Einstein’s theory of relativity, via the equation,

E? = mic* + p*c?, (3.5)

where my is the rest mass of the particle, cis the speed of light, and p is the momentum
of the particle. Positrons annihilate through either direct interaction with an electron
or after forming positronium. Positronium is a quasi-stable, hydrogen-like, bound
state between an electron and a positron. Annihilation occurs through two most
probable mechanisms corresponding to the p-Ps and 0-Ps. p-Ps forms when the spin

states are parallel, whereas o0-Ps forms when the spin state are anti-parallel.
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During the annihilation process energy and momentum must be conserved. While
a number of different mechanisms are possible as a result of this, the most common
annihilation products are either two or three photons. The two photon mechanism
refers to the annihilation of p-Ps which has a characteristic lifetime of 125 ps in a
vacuum. The three photon mechanism refers to the annihilation of o0-Ps which has
a characteristic lifetime of 142 ns in a vacuum. The two-photon mechanism is the
most common where the three photon occurs only at a ratio of 1:370 [113]. While
higher order processes are also possible, the probability grows significantly smaller as
the order increases. While the three-photon mechanism still occurs at an apprecia-
ble rate, the two-photon mechanism is of the most practical use in the experiments
conducted during this research. The formation of positronium in condensed metals
is rather unlikely due to the high electron density, however if there are low electron
density areas such as large voids or open porosity available, these can be locations
of positronium formation. Positronium annihilation is subject to pick-off events with
nearby electrons or spin-conversion to p-Ps that significantly reduce the lifetime of
the positron.

The two-photon annihilation mechanism results in the production to two nomi-
nally, co-linear 511 keV photons. Deviations in either the momenta or angle of the
photons are measurable and used to decipher details about the microstructural envi-
ronment in which the positron annihilated. The momentum of a thermalized positron
is negligible compared to the electron [114], so deviations are considered to be solely
due to the electron that was annihilated.

The annihilation rates within many solids are well understood both experimen-
tally and theoretically through quantum mechanical calculations and modeling. The
lifetime of a positron in a material and the positron’s annihilation rate are inversely

related. The annihilation rate will differ based on charge density, with defects and
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regions of low electron density resulting in smaller annihilation rates and, thus, longer
positron lifetimes.

The vacancies in a material will act as a trapping site for the thermalized positrons.
If the Coulombic repulsion is lowered due to the a missing nuclei and associated
electrons, than the defect can result in a potential well that traps the positron. Besides
open-volume defects, negative charged impurities and dislocations can trap positrons
causing a transition from the delocalized state to the localized state where the energy
of the binding is transferred to the surrounding lattice. The binding energy associated
with these types of defects is less than that for open vacancies and vacancy clusters,
but is still significant at low temperatures where thermally activated detrapping is
not possible [115].

The defect-specific trapping probability, g4, of a specific defect is a characteristic
value dependent on the defect and the material. This is related to the positron

trapping rate by the following equation,

Ka = HaCa, (3.6)

where k4 is the positron trapping rate, and C, is the defect concentration. If the
material can be characterized by a single defect lifetime along with the defect-free
state, then the annihilation rate of the defect site can be related to the positron
trapping rate through the two-state trapping model. The two-state trapping model

can be represented by the following equation,

— = le + (1aCa), (3.7)

71
where 71 and 7, are the lifetimes of the defect and defect-free (bulk) annihilation

channels, respectively. Through the following equation,
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where I; and I, are the intensities associated with the defect-free and defect lifetimes

determined through PALS measurements. It is common to use a mean positron

lifetime, T,

T = IlTl + IQTQ, (39)

where 71 and 7, represent the two lifetimes determined through spectral deconvolution
analysis. It should be noted that while the two-state trapping model suggests only
two active annihilation channels, this is a simplification of the positron behavior in
materials with multiple defects, such as those being investigated in this research.
The experimental spectrum is not always readily deconvoluted into the multitude of
lifetime components that are truly present in a spectrum if the lifetimes are too close
together or if there are not enough counts to identify the lifetime. A mean lifetime
reflects microstructural changes and can be used if the individual components are not
easily identifiable through component analysis.

As mentioned earlier, the lifetime of a positron in a material is dependent on the
charge density of the region in which it thermalizes. The charge density decreases
as the void size increases and thus the annihilation rate drops and the lifetime of
the positron increases. A model for the positron lifetime as a function of pore size
was initially determined through the semi-empirical Tao-Eldrup model, but has been
updated through a few different works [116]. The lifetime of positronium in defects
and voids is reduced due to quenching of positronium through pick-off annihilations
by electrons from the walls of the open volume defect. It has been shown that the

pick-off rate is insensitive to the material [117] allowing the size of the pore to be

56



estimated from the lifetime of the positron. If the size of the void exceeds a certain
diameter, around 100 nm, the possibility of positronium formation increases and the
lifetime of positrons approach 142 ns or the lifetime of ortho-positronium in a vacuum.
Positron lifetimes in metals are on the order of 100-500 ps and increase with the size of
the free volume available in the defect. The atomic-level defect sensitivity of positron
measurements allows for the study of vacancy behavior because of the direct change

in the annihilation lifetime up to about 100 nm.

3.5 Practical Aspects of PALS

The lifetime of a positron is determined through the measurement of the time
between the emission of the positron from the #?Na, signaled by the subsequent 1274
keV photon, and the emission of the 511 keV annihilation photons. These measure-
ments are generally carried out using fast scintillation detectors (e.g. barium fluoride
(BaF3)) which has a very fast decay component and a high atomic number provid-
ing improved efficiency and response over other options [118]. PALS measurements
reported in this document were collected on the AFIT PALS Array developed by
Gearhart as part of his doctoral research [119]. Six scintillation detectors were used
as space was made to simultaneously collect data with a high-purity germanium de-
tector. The scintillation detectors are coupled to fast photomultiplier tubes. The
output is digitized and post-processing software determines the relevant start/stop
events from the thirty detector pair couplings. Use of a system, such as the one in
this work, that can perform digital pulse and timing analysis significantly improves

the timing resolution over analytical systems [120].
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3.5.1 Positron Lifetime Spectra

The lifetime of a positron in a material, or a specific defect in that material,
is a characteristic property. Lifetimes can be determined experimentally or mod-
eled theoretically through density functional theory (DFT). DFT calculations use
quantum-mechanical electronic-structure calculations and have been utilized to cal-
culate the positron lifetimes in bulk materials as well as vacancies in a large quantity
of different materials. Lifetimes determined through DFT are generally lower than
those determined experimentally [121].

A positron lifetime spectrum is a histogram of all the annihilation events measured
from positrons that have been implanted in the material under test. Generally PALS
spectra, at a minimum, include 10° counts in order to ensure proper deconvolution
[107]. An example of a PALS spectrum collected on the AFIT PALS array is shown
in Figure 3.3. Generally in order to perform spectral analysis, 3-5 x 10° counts in
the spectrum are required for each lifetime [107]. Integrating over the entire spectra

collected on the AFIT PALS array yields counts on the order of 107.

10°

500 1000 1500 2000 2500 3000 3500 4000
2.075 ps/channel

Figure 3.3. An example PALS histogram collected on the AFIT PALS array.

A PALS spectrum consists of a group of exponentially modified Gaussian func-
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tions that are convoluted with the instrument resolution function of the detection
equipment. Components of the Gaussian functions represent specific lifetimes and in-
tensities for the various lifetime parameters associated with the material under test.
Numerous non-linear, least squares fitting routines have been developed to aid in the
deconvolution of PALS spectra; however the one used for this work is the PALSfit3
[122].

3.5.2 PALsfit3

PALSfit3 is a computer program that was developed by the group at the Technical
University of Denmark. Only a brief introduction to the software will be presented
here. An in-depth, mathematical treatment of the software package is presented in the
PALSfit3 documentation prepared by the development team [122]. PALfit3 includes
two modules for fitting lifetime spectra, RESOLUTIONFIT and POSITRONFIT.
RESOLUTIONFIT is used to determine the instrument resolution function which
can then be imported into POSITRONFIT for use in fitting the lifetime components
to the spectra. Both modules fit a model function to the lifetime spectrum that
includes a function which models a convolution of the positron decay, instrument
resolution function, and constant background using the least squares criterion in an
iterative fitting technique. The software employs a modified Levenberg-Marquardt
algorithm with a trust-region enhancement and a restricted minimization procedure.
POSITRONFIT has been used for metallic systems to determine up to three lifetime
components reliably [122]. A large number of input parameters can be altered prior to
fitting using the two modules. Generally, the convergence produces the same lifetime
components regardless of inputs; however, spectra with a large number of counts (107)
can have local minima in the chi-square criterion used to determine the goodness of fit

[122]. This results in erroneous lifetime parameters often warranting multiple fitting
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procedures with varying input parameters to avoid this outcome. PALSfit3 outputs
three statistical parameters, chi-square (x?), reduced chi-square (V = x?/f, where
f is the degrees of freedom), and the significance of imperfect model. When using

RESOLUTIONFIT or POSITRONFIT to fit lifetime spectra, a good fit to the data

should result in a reduced chi-square value as close to unity as possible.

3.5.3 Instrument Resolution Function

In order to properly analyze the lifetime components convolved in a PALS spec-
trum, it must be corrected for the spectrometer instrument resolution function. The
RESOLUTIONFIT allows for fitting the parameters that determine the shape of the
resolution function. Up to five width components and associated shifts can be selected
as fitting parameters. The intensities of these components; however, must be fixed
prior to running the module in order to limit the number of fitting parameters. The
instrument resolution function for the AFIT PALS Array was determined using two
single crystal copper samples. Two identical samples are required to sandwich the
source and ensure no positrons are annihilating in the surrounding environment. The
procedure used to determine the instrument resolution function followed the method
outlined by Dr. Christopher Williams and Dr. Stephanie Johnson in a document co-
authored by the AFIT Engineering Physics Department and the Air Force Research
Laboratory (AFRL) Munitions Directorate [123].

The parameters describing the optimal instrument resolution function are shown
in Table 3.1.

The components of the instrument resolution function were used to estimate the
timing resolution of the array as about 204 ps (FWHM) which is roughly equivalent
to other digital positron lifetime measurement systems [107]. The same single crystal

copper spectrum used to determine the instrument resolution function was then an-
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Table 3.1. Widths, intensities, and shifts associated with the optimal instrument reso-
lution function for the AFIT PALS Array. The reduced-y? parameter for this fit was
1.048.

Component 1

Component 2

Component 3

WHM (ns)
Intensities (%)
Shifts (ns)

0.20682
79
0.0000

0.20633
15
0.09010

0.16392
6
0.00720

alyzed through the POSITRONFIT module to determine the source correction that

accounts for annihilations due to the experimental set up.

3.5.4 Source Correction

Generally source contributions are determined experimentally by measuring the
lifetime spectra of defect-free materials. The same single crystal copper spectrum
used to determine the instrument resolution function was also used in this capacity.
Experimentally, positrons in defect-free copper have a lifetime of 120 ps [121]. De-
convoluting the spectrum using the POSITRONFIT module yielded three lifetimes
and intensities. The lifetime spectra revealing these components is shown in Figure

3.4 and tabulated in Table 3.2.
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Figure 3.4. Positron lifetime spectrum of single crystal copper used to determine the
correction for the titanium sealed ?’Na source. Brown (71), green (73), blue (73), red
(combined fits), black (collected counts).

Table 3.2. Lifetime and intensity parameters that provide the best fit to the single
crystal copper lifetime spectrum. The reduced-x? parameter for this fit was 1.048.

71 (ps) I, (%) 72 (ps) I, (%) 73 (PS) I3 (%)
121.0 £1.2 | 77.14 £0.77 | 282.8 +5.3 | 20.76 +0.65 | 745.1 +18.8 | 2.09 4.15

The first lifetime component represents the copper while the second and third
lifetime components were attributed to the source’s contribution. The expected ex-
perimental lifetimes of annealed and defected titanium are between 150 and 190 ps
depending on the defected state of the metal [124]. The increase in lifetime compo-

nent to 282.8 ps is due to the convolution of the annihilation signals from the foil and
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NaCl crystallites which have a lifetime around 430 ps. The 745.1 ps lifetime can be
attributed to interactions with the surfaces of the source [125].

Historically, only a small number of reports have been published focusing on the
effect of source contributions to positron lifetime measurements and the majority
of these only assess Kapton as the foil material [125, 126, 127, 128]. Staab et al.
[129] addressed source corrections in aluminum encapsulated sources while McGuire
and Keeble [125] included nickel foil as an additional material to both Kapton and
aluminum. In these studies an 10 uCi source was deposited on aluminum, Kapton,
and nickel source foils with thicknesses of 2 pm, 7 pm, and 5 gm. The intensities of
the foil components were determined to be about 5%, 16%, and 38% respectively for
molybdenum samples. The intensity of the source contributions are a function of the
atomic number of the material under test and the thickness and electron density of
the encapsulating material. The 2?Na source used during this research is sealed by a
5.1 pm thick titanium foil. As titanium has a lower atomic number than nickel, at
the same thickness, it is expected that the intensity of the source contribution would
be less. Based on the previously reported source contribution numbers, the roughly
21% contribution from the titanium foil used in our experiment is consistent with

literature.

3.5.5 Fitting Procedure

The instrument resolution function and source correction discussed in the previous
section convolved with the signals produced from annihilations in the sample under
test and provided the data included in the overall PALS spectrum for each sample.
The POSITRONFIT module accepts the resolution function as in importable data
file and the source correction can be subtracted during the fitting process. Prior

to deconvoluting the spectrum, input parameters such as fit ranges and background
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must be defined. The spectrum produced through the AFIT PALS Array contain
over seven thousand channels, most of which can be considered background. The
established fitting procedure was to set the minimum and maximum fit channels to
points that allowed for measurement of the specific region containing the lifetime
information of annihilations in the samples only, after subtraction of background
and source contributions. Background limits were set to the first 800 channels in
the spectra, a location that contains only background signal. The fitting procedure
focused on parameters that could be applied across all of the LPBF lifetime spectra
and result in consistently acceptable goodness-of-fit parameters. This was an iterative
process that resulted in the minimization of the reduced-y? parameter for all fits.
As mentioned earlier, the spectra collected on the AFIT PALS Array produce fit
regions with greater than 107 counts. Due to the possibility of generating erroneous
fitting parameters, an in-depth iterative process was used to initially determine the
influence of changes on the many input parameters such as fit ranges, time-zero and
lifetime guesses, and background subtraction techniques. For specific spectra, the fit
parameters could be altered to reduce the x? further, however these differences were
not consistent across the collected spectra, and applying a standardized procedure

was considered prudent.

3.6 Practical Aspects of DBAR

DBAR samples the electronic environment of a material by measuring the mo-
mentum distribution of the annihilation photons. The characteristics of positron
annihilation are sensitive to the electronic environment. Variation from the expected
511 keV photon energy occurs due to conservation of momentum requirements dur-
ing annihilation. DBAR measurements take advantage of this variation by measuring

the energy associated with positron annihilation. A Doppler shift occurs that corre-
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sponds to the momentum of the electron involved in the annihilation event. As the
momentum of the positron is assumed to be negligible, all of the Doppler-broadening
information is attributed to the electronic structure of the material. The broadening

of the annihilation line can be determine via the following equation [107],

1
E, ~mc +4/ §mczE, (3.10)

where mc? is the rest mass of an electron, E., is the energy of the Doppler-broadened
7, and E is the energy of the annihilating pair. The difference between E. and mc?,
AE, is the observed broadening in the annihilation line. If the electron is assumed
to have a momentum, p, corresponding to an energy, E, of 5 eV, then per Equation
3.10 the observed broadening is roughly 1.13 keV. Obtaining a Doppler-broadening
spectrum requires measuring the annihilation events with a detector with sufficient
resolution (e.g. high purity germanium (HPGe) detector) and convert pulse height to
energy. Typically, collecting 10% counts in the 511 keV peak is considered for proper

counting statistics.

3.6.1 Experimental Setup

HPGe detectors are often chosen for DBAR measurements due to their sensitivity
to incoming radiation and a detector response that is proportional to energy. DBAR
measurements naturally require a detector with high energy resolution, often on the
order of 1.1 keV at the 511 annihilation peak [130]. The detection setup used in
this research includes an cryo-cooled Ortec HPGe detector coupled to a Canberra
Digita Spectrum Analyzer (DSA) 1000 multichannel analyzer (MCA). The data was
collected using the Ortec GammaVision Gamma Acquisition and Analysis software
package and processed in MATLAB. Manufacturer specifications state the detector

resolution at the 1333 keV of the cobalt-60 radioisotope is 2.1 keV. Figure 3.5 shows
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a cobalt-60 spectrum collected using this experimental setup.
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Figure 3.5. Calibrated cobalt-60 spectrum.

Calibration of the detector was performed using the photopeaks in Table 3.3. The

energy calibration was determined through a linear fit of the photopeaks and yielded

the following equation,

Energy(keV') = 0.2596 x Channel + 1.1901, (3.11)

with an R? value of unity. The resolution was calculated as 2.08 keV by fitting a

Gaussian function to the 1333 keV photopeak.

Table 3.3. Peak positions used to determine calibration and resolution of the HPGe

detector.

Channel | Energy (keV) Photopeak
1194 311 1333 keV double escape peak
2545 662 1173 keV single escape peak
3161 822 1333 keV single escape peak
4516 1173 gamma photon
5130 1333 gamma photon
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Background radiation was measured three times during the experimental period,
twice near the beginning (February and March, 2022), and once more near the end

(January, 2023). The background spectra are shown in Figure 3.6.
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Figure 3.6. Spectra from three background collection measurements.

The sources contributing to background radiation in the area clearly changed
significantly over the period in which these measurements were taken. Additionally,
the amount of background radiation was variable and it can be seen that the detection
equipment experienced a level of gain shift as the location of the background peaks
were not consistent. Fortunately the background in the region of interest, roughly
511 to 526 keV is much smaller than the collected spectra. Background counts are on
the order of the counting error. Due to the inability to accurately remove background
from the collected spectra, and the magnitude of the counts present in the annihilation
peak, the background was considered negligible for the analysis of the DBAR spectra.

The DBAR measurements were taken over a year long period and during this
time, as evidenced by the background measurements, a measure of detector resolution

variability occurred during this time. While this required individual calibration of
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each spectra, with a linear calibration and a resolution within the manufacturer limits

confirms that this detector is suitable for DBAR measurements.

3.6.2 Post-Processing and Error Analysis

Analyzing a Doppler-broadened spectrum usually consists of determining the line-
shape parameters that partition the spectrum into regions of low momentum and high
momentum. Figure 3.7 demonstrates, generically, the definitions of the two lineshape

parameters.
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Figure 3.7. Partitioning of the Doppler-broadened spectrum for lineshape parameter
analysis.

The S (shape) parameter accounts for the low momentum events that are associ-
ated with annihilations of valence electrons. It is defined as the ratio of the central

region (0.8 keV around the 511 keV peak) to the counts in the total region (505 to 517
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keV). The W (wing) parameter accounts for the high momentum events associated
with annihilation events with core electrons. The W parameter is defined as the ratio
of the wing region (514 to 516 keV) to the total region [107]. As additional shells
are added to the nucleus of an atom (traveling down rows of the periodic table) the
number of core electrons increases. As would be expected, the ratio of annihilation
events with core electrons increases resulting in a larger W parameter. Generally
the W parameter is only measured on the high energy side of the peak as there are
no contributing three-photon annihilations from o-Ps [107]. The S parameter can
be used to study defect concentrations. Vacancy-type defects generally have a lower
concentration of core electrons and result in a larger S parameter. A common in-
vestigation using the S parameter involves studying the change in the S parameter
with annealing time or temperature. As annealing a metal results in the removal
of vacancy-type defects, the S parameter decreases as these defects disappear. In
order to appropriately determine the S and W parameters for a Doppler-broadened
spectrum, calibration, background correction, normalization, and error propagation
of the data is required.

Due to slight differences in the detector response for each data set collected, in-
dividual energy calibrations were performed for each data set. The DSA 1000 MCA
produces a histogram with 8190 channels; however, through initial measurements
it was evident that the calibration of the DBAR spectra were not able to be ac-
complished without performing a sub-bin analysis. The calibration as performed by
interpolating the original number of channels in the 511 and 1274 keV peaks to in-
crease the bins by three orders of magnitude. This allowed for sub-bin identification
of the centroid and a calibration with increased fidelity. MATLAB and the associ-
ated curve fitting tool were used to perform these functions. To calculate the linear

calibration equation, the regions containing the peaks were separated and fit with an
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appropriate number of Gaussian functions in the curve fitting tool and the parameter
describing the centroid was identified.

Once calibrated, the spectra were peak-area normalized to the sum of the counts
in the 505 - 517 keV region. The error associated with the counts produced in the

spectra prior to normalization are given by,

on = /1, (3.12)

where n is the number of counts in each bin. This produces an error at each bin in
the spectrum. In order to determine the error associated with the normalization, the

absolute error is propagated by,

m:#(ﬁ)x (7). 513

where R is the value of the normalization, Vi is the number of counts in each bin, and

N, is number of counts in 505 - 517 keV region [118]. The error associated with this
normalization is generally very small compared to the differences in the broadening

of the annihilation peak in the wing region of 514 - 516 keV.

3.6.3 Analysis of Metal Standards

In this analysis, four, traditionally manufactured metal standards were compared:
aluminum, titanium, copper, and molybdenum. Aluminum is located in period 3,
titanium and copper are located in period 4, and molybdenum is located in period
5 of the periodic table. The electron configurations of the metals in Figure 3.8 are
shown in Table 3.4.

In the series of metals shown in Figure 3.8, the broadening of the annihilation

line trends with increasing atomic number which is expected due to the filling of
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Table 3.4. Properties of selected pure metals.

Element | Atomic Number | Electron Configuration
Al 13 [Ne|3s%3p?
Ti 22 [Ar]3d%4s?
Cu 29 [Ar]4s'3d10
Mo 42 [Kr]4d®5s!
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Figure 3.8. Momentum broadening spectrum of a series of metals: including aluminum,
copper, titanium, and molybdenum.
higher level electron shells. The broadening of annihilation curves take the expected
shapes with the central and wing regions reduced and enhanced, respectively, as the
atomic number of the metal increases. While copper and titanium are in the same
period, copper’s additional electrons fill the 3d shell while leaving an incomplete 4s
shell. Titanium shows little broadening over that of aluminum. The broadening in
molybdenum is large compared to the other metals, but this is to be expected given
the differences in atomic number.

As part of the PALS analysis that was discussed in Section 5.1, multiple single
crystal copper pieces were available for DBAR spectra collection. Two measurements
were conducted in March, 2022, that involved four distinct pieces. Three additional

measurements were conducted in December, 2022, which involved only two pieces.
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In December, the measurements were conducted without changing the experimental
setup, only resetting the 8 hour counting time. It should be noted that these single
crystal copper pieces were nominally identical. Figure 3.9 shows the variability in the
broadening curves. The width of the line represents the propagated statistical error

obtained through Equation 3.13.

10'4: T T T T T T

Normalized Counts (arb. units)

107 1 I I I 1 I I
512 514 516 518 520 522 524

Energy (keV)

Figure 3.9. Momentum broadening spectrum of five copper data collection periods.

There is no material-specific reason why the five measurements of the copper sam-
ples should yield different amounts of broadening of the 511 keV photopeak, however
as the broadening of the curve is, in part, a function of the detector resolution it is
clear that the resolution drift is effecting the DBAR data collection. The variability
in the detector resolution directly impacts the determination of the lineshape param-
eters as they are a function of the 511 keV photopeak broadening. As the detector
resolution increases, the S-parameter decreases. This relationship is shown in Figure
3.10.

It is clear that that there is a level of systematic variation not confined to the

statistical error in the data collected. The cause for this variation is the detector
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Figure 3.10. The S parameter determined from the five copper measurements as a
function of 1274 keV FWHM.

resolution drift and should be considered representative of the DBAR data collected
on all samples. Further work will need to be completed on the relationship between

the FWHM and S parameters in order to correct for the detector resolution drift.

3.7 Current State of PALS Regarding AM and Molybdenum

The following section provides a literature review on the PALS studies of molyb-
denum and AM metals. Molybdenum has often been studied through the use of
positron techniques, most commonly after irradiation in an effort to understand the
defect structure during recovery processes, but more recently after plastic deforma-

tion and annealing. AM metals have garnered much less attention in terms of PAS
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analysis despite the remarkable amount of research into the microstructure and defect
behavior of AM metals.

Even though the usefulness of positrons to study metals was first documented in
the early 1960s, it wasn’t until ten years later that molybdenum was used as a sub-
ject material. Irradiated molybdenum has been studied by positron techniques since
the early 1970s due to concerns with radiation damage suffered during use in nuclear
power reactors. The first recorded positron study of molybdenum was published by
Mogensen et al. [131] and involved analyzing the angular correlation of irradiated
molybdenum. This early study showed that voids in molybdenum could be assessed
using positron techniques, but was unable to provide unambiguous data interpreta-
tion. At the same time Cotterill et al. [132] studied neutron-irradiated molybdenum
with voids in the range of 30-40 A in diameter. Measurements of the irradiated molyb-
denum produced lifetimes that were 400-500 ps longer than what was measured in
annealed molybdenum. The authors found the large discrepancy in lifetimes of the
irradiated and annealed molybdenum surprisingly as such a drastic increase hadn’t
been observed in metals and questioned the theoretical understanding that positro-
nium could not form in condensed metals. Comparison to angular correlation data
showed that positronium was not forming and that the long lifetimes were a result of
the large voids caused by irradiation. Interestingly the angular correlation was nar-
rower for the small voids than the large voids, which was opposite the expected result.
The authors noted that this was an indication that while the same positron annihi-
lations were measured, angular correlation measures the center-of-mass momentum
and lifetime spectroscopy measures the electron density. This understanding can also
be applied to angular correlations counterpart in DBAR when considering the results
of Doppler-broadening and comparing those to the positron lifetimes.

Cheng et al. [133] determined the lineshape parameters for neutron-irradiated
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molybdenum in 1975. It was found that the S parameter increased with the amount
of neutron fluence and was likely due to an increase in void concentration or void
diameter. The same group measured the positron lifetime of the irradiated molyb-
denum in 1976 [134]. While at the time, transmission electron microscopy could
not identify the voids in some of the samples, the positron lifetimes indicated that
they were present. A 450 ps lifetime was assigned as a characteristic value for the
voids formed in molybdenum between 350-500°C. Additional measurements showed
lifetimes up to 600 ps at annealing temperatures of 600-1000°C. These results and
other at the time were leading to the realization that the positron lifetimes can be
correlated to the void size in molybdenum.

Grynszpan et al. followed this research with more positron analysis if neutron-
irradiated molybdenum [135]. In this work irradiated molybdenum was isochronally
annealed at various temperatures. At temperatures above 900°C, which is the recrys-
tallization temperature of molybdenum, the intensity of the defect lifetime component
decreased rapidly. It should be noted that the lifetime consistent with the presence
of large voids (~465 ps) was present throughout, but the intensity associated with it
dropped from over 70% below the recrystallization temperature to below 10% when
above. Another finding from this work was the presence of annihilations of positrons
trapped at dislocation loops. Positrons annihilating in dislocation traps result in a
lifetime that is roughly 60% greater than the annealed defect-free lifetime.

The application of positron studies to molybdenum plastically deformed as op-
posed to irradiated was shown by Petersen et al. [136]. In this work, pure molyb-
denum was plastically deformed through cold rolling to various degrees of thickness
reduction. The S parameter increased with reduction thickness and decreased with
annealing temperature. The lifetime of the defect component increases with anneal-

ing temperature as small voids aggregate to form larger vacancy defects. As the
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temperature increases to the recrystallization temperature, thermal evaporation of
smaller voids contributes to continued growth of large voids. Above the recrystalliza-
tion temperature, dislocation recovery begins at the lifetime decreases. The intensity
of the defect component decreases consistently with increasing temperature as the
concentration of defect traps drops.

Hyodo et al. [137] studied single crystal molybdenum that was irradiated by neu-
trons at 100°C and identified characteristic lifetimes for a number of microstructural
features. The lifetime found in the bulk, defect-free metal was 115 ps while vacancies,
dislocations and large voids were found to be 190, 160, and 480 ps, respectively. These
lifetimes are in agreement with previous measurements by other research groups. It
was only possible to fit the data to two components, and after an extensive param-
eter search in an effort to identify an expected longer lifetime component for larger
clusters of voids. The parameter search included choosing a fixed lifetime that ranged
between 180 ps to 420 ps, consistent with various void sizes. Constraining the third
component while leaving the first two components unconstrained allowed for a least
square search using the reduced x? parameter as a criterion. The presence of a third
lifetime component significantly worsened the goodness-of-fit criterion and it was con-
cluded that there were relatively few of these larger vacancy clusters contributing to
the annihilation signal. The positron analysis conducted in this research used a sim-
ilar approach of constraining known lifetimes and using the reduced y? parameter to
determine the presence of certain microstructural features.

A four state positron trapping model for neutron irradiated molybdenum was
proposed by Pagh et al. [138] to study the temperature dependence of the lifetime
parameters. Positrons can become detrapped from shallow traps if the thermal en-
ergy supplied overcomes the binding energy of the trap. The study found that the

dominant trapping sites were voids and vacancy loops, with a similar lifetime for voids
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of around 460 ps. A constrained analysis followed, setting the defect-free lifetime at
120 ps. A lifetime of 156 ps was found to correspond to dislocation jogs which are
formed by the intersection of dislocations. The proposed model takes into account
the detrapping of positrons in vacancy loops in favor of more strongly bound traps
such as point-like defects.

Zhiyong et al. [139] conducted a positron study of proton-irradiated molybde-
num and confirmed the characteristic lifetimes of positrons in molybdenum. An early
version of the POSITRONFIT module was used to fit the collected lifetime spectra.
Analysis was conducted for two and three lifetime components. The three lifetime
analysis required constraining the second lifetime component at 174 ps and yielded
a lifetime component that was longer than the characteristic monovacancy lifetime.
This was understood to represent a convolution of vacancies and small voids. It was
noted that vacancies migrate and agglomerate at lower temperatures thus increasing
the lifetime. This formation of a longer lifetime can disrupt the fitting procedure
where some of the contribution of the vacancies and dislocations is transferred to the
first lifetime component representing the defect-free material and the intensity as-
signed to the defected component is artificially reduced. As the lifetimes of positrons
in specific defects in molybdenum are characteristic and known from past research, it
is possible to constrained additional lifetimes and reduce the effect of signal convolu-
tion in the analysis. These authors noted that by constraining the third lifetime, the
reduction of the defected intensity was removed.

Most recently, positron studies into molybdenum by Dryzek et al. [140, 141], have
investigated defect behavior during annealing after mechanical processes introduced
plastic deformation. Lifetime analysis was correlated with both x-ray diffraction
and electron backscatter diffraction methods. Two term lifetime analyses were used

determine the positron diffusion length, which in turn was used to calculate the
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activation energy associated with grain boundary movement. These results were
compared to X-ray diffraction to study the recrystallization process at temperatures
between 800° and 1050°.

In general, the studies described above were conducted to gain understanding in
the defect behavior of molybdenum during annealing stages. The heat treatments
involved in the standard annealing of molybdenum occur over relatively long peri-
ods when compared to the thermal cycling seen in LPBF, but the identification of
the characteristic lifetimes of molybdenum allows for the examination of the defect
structure in LPBF molybdenum. While there is a rather large amount of literature
reporting the positron study of molybdenum, the same cannot be true with AM met-
als. As of the writing of this dissertation, no other work has been published on the
positron study of AM molybdenum and only a handful of other AM metals have been

reported on.
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IV. Microstructural Characterization

This chapter outlines the techniques used to characterize the influence of laser
scan speed and the addition of 0.1 wt% silicon carbide to molybdenum on the chem-
ical composition, microstructure (average grain size, misorientation angle, texture,
etc.), and mechanical properties. The contents of this chapter, in part, have been
published as a original research article in the Multidisciplinary Digital Publishing In-
stitute (MDPI) journal Crystals, which is an open-access journal with a 2021 Impact
Factor of 2.670 per Journal Citation Reports by Clarivate [142]. Crystals focuses
around all aspects of crystalline materials, including the characterization of mechani-
cal, chemical, electronic, magnetic, and optical properties. The article was published
on September 8, 2022, and has the following DOIL.

DOI: 10.3390/cryst12091276 [143]

Further data and analyses have been added to the contents presented in the journal
article as extensive EBSD analysis was conducted on the pure molybdenum samples
after the article was originally published. The analysis presented in this chapter
directly focuses on the research objectives under Problem Statement 1 presented in
Chapter 1, and indirectly supports Problem Statements 2 and 3. The objectives
of Problem Statement 1 are addressed by consolidating pure molybdenum and a
homogeneous mixture of molybdenum and silicon carbide (0.1 wt%) at four different
scan speeds (100, 200, 400, and 800 mm/s). The printing characteristics, chemical
composition, microstructure, and mechanical properties were compared across the
four scan speeds. The addition of silicon carbide improved the optically determined
density and flexural strength at 400 mm/s by 92% and 80%, respectively. The oxygen
content was reduced by an average of 52% over the four scan speeds. Two mechanisms
of oxygen reduction were identified as responsible for the improvements: oxidation of

free carbon and the creation of secondary phase nanoparticles.
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Without the extensive characterization outlined in this chapter, the objectives
of Problem Statements 2 and 3 would not be possible. Microstructural characteris-
tics such as grain size, crystallographic orientation, the fraction of high-angle grain
boundaries, and the presence of secondary phases can all influence the positron char-
acteristics of a material and a knowledge of this information greatly aids in deciphering

the meaning behind the PAS data presented in Chapter 5.

4.1 Materials and Methods

The pure molybdenum and Mo-0.1SiC specimens used during the course of re-
search for this dissertation were produced using a GE Concept Laser Mlab Cusing
200R 3D metal printer (Boston, MA, USA), shown in Figure 4.1, equipped with a
200 W continuous wave Yb:YAG fiber laser.

ey

Figure 4.1. Image of the Concept Laser 3D metal printer used during this research.
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The Additive Manufacturing Laboratory (AML) run by AFIT/ENY has the ca-
pability of introducing argon, nitrogen, and hydrogen as shield gases in the build
chamber. The specimens built for this research were printed under a pure nitrogen
shield gas. Oxygen levels were maintained throughout the printing process at the
lowest observable level (<1000 ppm) as monitored through system controls.

The feedstock powders consisted of raw spherical molybdenum powder (99.9%
Mo) with an average particle size of approximately 30 pm, provided by Tekna (Sher-
brooke, QC, Canada) and silicon carbide with average particle sizes on the order of
hundreds of nm, provided by AFRL (Wright-Patterson Air Force Base, OH, USA).
The molybdenum powder was sieved at 45 pm while the silicon carbide powder was
nonspherical, nonuniform, and of sub-micron size. SEM images of the pure molyb-
denum, silicon carbide, and mixed powders are shown in Figures 4.2, 4.3, and 4.4,
respectively. In Figure 4.4, backscatter electron imaging highlights the presence of

the silicon carbide nanoparticles coating the surfaces of the molybdenum powder.

Figure 4.2. SEM image of spherical pure molybdenum powder.
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Figure 4.4. SEM image of mixed Mo-0.1SiC powder.

The powders were mixed using a DAC 250.1 FVZ-K SpeedMixer (FlackTek inc,

Landrum SC, USA), shown in Figure 4.5. The mixer can handle 200 g of powder at
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Figure 4.5. The FlackTek Inc. Speedmixer used during this research.

a time, so for the Mo-0.1SiC composition, 0.2 g of silicon carbide powder was added
to a balance of molybdenum powder for each mix. Enough powder was mixed to
ensure the powder chamber was at least 10 mm deep to account for the height of the
built specimens. The batches were mixed for a pair of one-minute periods with one
minute of cooling between. As soon as the powders were mixed, an SEM tab with
carbon tape was used to take a sample of the mixed powders. The powders were
immediately imaged in the SEM to ensure uniform mixing. Homogeneous mixing of
the powders was confirmed with images such as the one displayed in Figure 4.4 where
the silicon carbide particles are shown well distributed and adhered to the surface of
the molybdenum particles.

Cuboid specimens with dimensions 12 mm x 4 mm x 2 mm were consolidated on
a copper substrate using a fixed laser power of 200 W, hatch spacing of 50 um, and a
layer thickness of 20 pm at four different scan speeds: 100, 200, 400, and 800 mm/s.

A meander laser scan strategy with a 90° rotation between layers was used. The
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line energy densities (LED) and volumetric energy densities (VED) for the process
parameters described above are shown in Table 4.1.

Table 4.1. Scan speeds with associated line and volumetric energy densities used to
print pure molybdenum and Mo-0.1SiC.

Scan Speed (mm/s) | LED (J/mm) | VED (J/mm?)
100 2.00 2000
200 1.00 1000
400 0.50 500
800 0.25 250

The cuboid specimens were used to perform bend strength measurements. Once
broken, these bars were mechanically ground to 800 grit, polished to a 1 um diamond
suspension and etched using a 30% hydrogen peroxide and colloidal silica suspension
(1:5) for EBSD analysis.

Using an established procedure described in Eckley et al. [4] and Kemnitz et al.
[68], all specimens were printed on the copper substrate with a 0.5 mm offset at the
scan speed of 800 mm/s. This offset was removed when the specimens were separated
from the substrate using wire-cut electrical discharge machining (EDM).

The chemical composition of the powders and consolidated specimens were ana-
lyzed by Luvak Inc. (Boylston, MA, USA) following procedures outlined in ASTM
1019-18 [53]. The carbon content in the consolidated specimens was determined
through infrared (IR) absorption where the total carbon content is measured through
the IR absorption properties of carbon monoxide and carbon dioxide after the speci-
men undergoes combustion in a stream of oxygen. The nitrogen content in the pure
and mixed powders and the consolidated specimens was determined through the inert
gas fusion and thermal conductivity detection test method. Specimens were intro-
duced to a helium environment at a temperature no less than 1900°C. The nitrogen
present in the specimens is released as diatomic nitrogen and separated from other

gases present. The thermal conductivity properties of nitrogen are used to quanti-
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tatively measure the nitrogen content. The oxygen content in the pure and mixed
powders, and the consolidated specimens, was determined through the inert gas fu-
sion and IR absorption test method. Oxygen is fused under inert gas and combines
with carbon to produce carbon monoxide and carbon dioxide of which the IR prop-
erties are used to quantitatively measure the oxygen content. The rounding of test
results provided by Luvak Inc. were conducted in accordance with ASTM Practice
E29 [144]. Carbon content wasn’t measured in the powder samples as the Mo-0.1SiC
mixture has a nominal content of 300 ppm.

The reflectance of the powders were measured by AZ Technology Inc. (Huntsville,
AL, USA) following procedures outlined in ASTM E903-20 [54] over a 1 pm range
from 400 nm to 1400 nm. The powders were placed in a specially designed polymeric
cup that was sealed on the top by a 2 mm thick, uncoated potassium bromide (KBr)
window supplied by Edmund Optics Inc. (Barrington, NJ, USA). The width and
depth of the cup were such that any contributions of the polymeric material to the
reflectance measurement would be minor. KBr was chosen as the sealing material
of the window due to its consistently high transmission throughout the range of
wavelengths measured. The reflectance of the KBr window was measured separately
and subtracted from the powder measurements. Three measurements were taken for
each powder and an average reflectance was calculated.

Print surfaces were examined using a MIRA-3 field emission scanning electron
microscope (FE-SEM) (TESCAN, Brno, Czech Republic). The cuboid specimens
were subjected to three-point bend strength testing with a displacement rate of 0.01
mm/s, and a load applied across the build direction using an MTS 810 load frame
(MTS Systems Corporation, Eden Prairie, MN, USA). A diagram of the orientation
of the applied load compared to the print samples is shown in Figure 4.6.

Measurements were taken on three samples from each scan speed and the results
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Figure 4.6. Diagram of the applied three point load. Measurements taken in this
orientation result in fracture across the columnar grain structure seen along the build
direction of many AM metals.

were averaged. Following bend strength measurements, the fracture surfaces were ex-
amined with FE-SEM imaging and analyzed via energy dispersive X-ray spectroscopy
(EDS) using an EDAX TEAM Pegasus system (Ametek Materials Analysis Division,
Mahwah, NJ, USA). The broken specimens were mounted in a conductive phenolic
powder resin using a MetPress A automatic mounting press (Metlab, Niagara Falls,
NY, USA) so that both the transverse and longitudinal surfaces were available for
inspection. The specimens were mechanically ground to 800 grit with silicon carbide
grinding paper using an EcoMet 300 grinding and polishing machine (Buehler, Lake
Bluff, IL, USA). Vickers hardness measurements were conducted on the top surfaces
using a QAtm QNess Q60 A+ Evo micro hardness tester (Verder Scientific, Newtown
PA, USA).

Select samples were additionally polished with diamond suspension down to 1
pum and vibro-polished in an Saphir Vibro vibratory polishing device (ATM, Ger-
many) using colloidal silica for 17 hours. The samples were analyzed by both electron
backscatter diffraction (EBSD) and EDS using the EDAX TEAM Pegasus system.
EBSD mapping was conducted at a beam voltage of 18 kV with an intensity set at
18. Three maps using the largest view field possible were taken of both the top and

side surfaces. Cleanup of the maps was conducted using confidence interval (CI) stan-
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dardization with a CI of 0.2 and lower being thresholded out. The majority of these
points were in pores and their removal created less distraction in the maps. Grain
boundary maps and kernal area misorientation (KAM) maps were also analyzed using
the EDAX’s OIM Analysis software.

The transverse surfaces of select cuboid specimens were further polished to 1200
grit such that only the pores present could be observed and not the cracks and grain
boundaries. Cross-sections showing the transverse surfaces within the bulk of the
samples were observed using optical microscopy, and three different images with a
size about 2.4 x 1.8 mm were taken for each sample from the center position in the
height. Those OM images were analyzed with imaging software using a binary process
for evaluating the porosity was performed using the same threshold for all images.
An automatic mode for calibrated greyscale detection was used to achieve constant
measurement conditions. The software measures the total area of the sample and the
percentage of black (defects) and white (metal) areas [30]. In this way, the average
porosity for each sample was determined optically [98].

Images were taken of the plane horizontal to the build direction with width of
roughly 2 mm x 2 mm. The average porosity values and standard deviations were
estimated from 5 measurements. The image analysis method evaluates the porosity
on the polished surfaces [145]. The porosity was calculated from the porosity area
fraction, measured by OM from the average of transverse and longitudinal surfaces
of the polished block specimens [146].

The Mo-0.1SiC cuboid specimen printed at 400 mm/s was prepared for TEM
analysis by a LYRA3 GM focused ion beam (FIB) (TESCAN, Brno, Czech Republic).
TEM and EDS analyses were carried out on a Talos F200X (Thermofisher Scientific,
Waltham, MA, USA). The sample prepared for TEM analysis was oriented so that

the viewing direction was through the build direction.
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4.2 Results

4.2.1 Powder Analysis

The chemical composition of the starting feedstock powders and consolidated pure
molybdenum and Mo-0.1SiC specimens are shown in Table 4.2. The nano-sized silicon
carbide powder had a much greater concentration of oxygen present and resulted in a
slight increase of oxygen in the mixed powders over the pure molybdenum. The carbon
present in both the pure molybdenum and Mo-0.1SiC specimens was affected by the
experimental setup. No carbon should be present in the pure molybdenum samples
and the limited increase in the Mo-0.1SiC samples indicates a significant amount of
carbon was lost during the build process. Nitride formation due to the nitrogen build
atmosphere was more prevalent in the Mo-0.1SiC samples but no significant pattern
was observed. Oxygen concentration positively correlates with increasing scan speed
(decreasing LED and VED). The pure molybdenum samples do not show a trend in
oxygen concentration with scan speed.

Table 4.2. Chemical composition of powders and LPBF specimens.

Sample O (ppm) | N (ppm) | C (ppm)
Mo Powder 252 N/A N/A
SiC Powder 9623 N/A N/A
Mo-0.1SiC Powder 337 N/A N/A
Mo (100 mm/s) 1730 420 80
Mo (200 mm/s) 2120 430 100
Mo (400 mm/s) 2190 200 130
Mo (800 mm/s) 1970 230 110
Mo-0.1SiC (100 mm/s) | 828 650 120
Mo-0.1SiC (200 mm/s) 852 490 170
Mo-0.1SiC (400 mm/s) | 1138 610 140
Mo-0.1SiC (800 mm/s) | 1325 370 210

Figure 4.7 shows the room temperature reflectance of the pure molybdenum and

Mo-0.1SiC powders. The reflectance of the Mo-0.1SiC powder is about 5% higher than
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the molybdenum powder throughout the measured range. A Kubelka-Munk analysis
results in k/s values of 2.0 and 1.5 for molybdenum and Mo-0.1SiC, respectively. A
smaller k/s value for the Mo-0.1SiC highlights a larger contribution from scattering

due to the addition of the silicon carbide nanoparticles.

0-35 L] L] L]

—tH— Molybdenum
0.3 |-e—mo-0.1siC

Reflectance

0.05 ' ' ' '
400 600 800 1000 1200 1400

Wavelength (nm)

Figure 4.7. Reflectance of the pure molybdenum and Mo-0.1SiC powders presented for
a range of wavelengths from 400 to 1400 nm. The wavelength of the laser in the LPBF
machine is 1080 nm. This is represented by the black dashed line.

Diffuse reflectance measurements and the K-M analysis are highly sensitive to the
preparation and analysis methods used. Most importantly, the scattering coefficient
is susceptible to differences in the packing density of the powder particles. It is likely
that a combination of the preparation method described in Section 4.1, the shipping
of the samples, and the subsequent handling by the testing facility could have led

to morphology and packing changes in the powder samples that are not quantifiable.
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The samples measured were prepared as a proof-of-concept measurement, and as
such, with only one replicate of each powder composition, the analysis should be
considered inconclusive. While measurement in this manner has been proven possible,
future studies should ensure a standardized and reproducible process is implemented
in order to achieve consistent powder properties. Additionally, samples should be

sent with enough replicates to statistically account for any variations still present.
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4.2.2 Microstructural Characterization

Figures 4.8 and 4.9 show the top surfaces of pure molybdenum and Mo-0.1SiC
specimens for the four different scan speeds. Cracking is noted on all samples although
their presence in the pure molybdenum is obscured by the porosity. The addition of
silicon carbide did not prevent that cracking that appears along the weld tracks and
45° to the weld direction as is commonly seen in welding images of tungsten and
molybdenum. As mentioned previously, this is commonly due to the high DBTT
of refractory metals and grain boundary embrittlement during the LPBF process.
Surface morphology was negatively affected by an increase in scan speed for both
the pure molybdenum and Mo-0.1SiC. At lower scan speeds, the weld tracks are less
noticeable than at higher scan speeds. Surface porosity was greatly reduced in the

samples with silicon carbide additions at all scan speeds.
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Figure 4.8. SEM images of the top surfaces of the pure molybdenum samples at all
four scan speeds: 100, 200, 400, and 800 mm/s, (a—d), respectively.
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Figure 4.9. SEM images of the top surfaces of the Mo-0.1SiC samples at all four scan
speeds: Mo-0.1SiC printed at 100, 200, 400, and 800 mm/s (a—d), respectively.

93



The ground and polished surfaces of the sectioned samples provided a bulk surface

for porosity analysis. Comparisons of the surfaces are shown in Figures 4.10 and 4.11.
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Figure 4.10. Optical images of bulks surfaces showing the porosity of the pure molyb-
denum at all four scan speeds: 100, 200, 400, and 800 mm/s, (a—d), respectively.

The consolidation in the pure molybdenum samples was very poor and the porosity
does not show any regularity. The Mo-0.1SiC specimens showed improved consolida-
tion and the pores were present along the weld tracks. The porosity lost its structure
in the Mo-0.1SiC specimens printed at higher scan speeds, with the print at 400 mm /s
showing the least porosity of all samples.

The average porosity values are given in Table 4.3. The values for Mo-0.1SiC are
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Figure 4.11. SEM images of the top surfaces of the Mo-0.1SiC samples at all four scan
speeds: 100, 200, 400, 800 mm/s, (a—d), respectively.

significantly reduced compared to those of molybdenum, with the prints at 400 mm/s
showing the largest disparity.

Table 4.3. Optically determined porosity values for all prepared specimens.

Material | 100 mm/s | 200 mm/s | 400 mm/s | 800 mm/s
Molybdenum | 16.6 + 2.2% | 29.3 &+ 2.6% | 34.1 £ 1.2% | 25.3 & 5.5%
Mo-0.1SiC 724+19% | 79 +3.0% | 26 £0.7% | 52+ 0.5%

EBSD maps were collected on all samples in the transverse and longitudinal ori-

entations. The following EBSD maps, KAM plots, and associated data omit images

and values for this specimen. Three maps were collected on the rest of the pure
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molybdenum and Mo-0.1SiC specimens in order to provide statistical data. Maps
were collected at the lowest magnification possible to ensure the largest area of grains
were presented for analysis. Inverse pole figures, IPF maps, and KAM maps were
generated for each specimen. EDAX OIM Analysis™ software allowed for the de-
termination of average grain diameters, grain orientation spread (GOS), crystallo-
graphic texture, and the fraction of high angle grain boundaries (HAGB). In general,
the abundant porosity of the pure molybdenum samples prevents the expected trends
with scan speed to be observed. The improved consolidation shown in the Mo-0.1SiC
specimens allows for observation and discussion of microstructural evolution and me-
chanical properties to be substantiated by microstructural features and temperature
effects as opposed to porosity, lack-of-fusion, and incomplete melting.

Figures 4.12, 4.13, 4.14, and 4.15 display the IPF maps and KAM plots for pure
molybdenum printed at 100, 200, 400, and 800 mm/s respectively. Average grain
diameters corresponding to the EBSD maps are given in Table 4.4.

Table 4.4. Average grain diameter (um) for the transverse (XY) and longitudinal (XZ)

directions of the pure molybdenum samples corresponding to Figures 4.12, 4.13, 4.14,
and 4.15.

Scan Speed 100 mm/s 200 mm/s | 400 mm/s | 800 mm/s

XY Avg (Std Dev) | 33.65 +£4.34 | 27.63 £+ 2.54 | 30.07 £ 3.10 | 22.91 + 1.69
XZ Avg (Std Dev) | 132.50 £ 26.40 | 84.28 + 4.71 | 61.17 £+ 10.30 | 50.13 + 3.43

The IPF maps indicate that no there is no preferred crystallographic orientation
in either the transverse or longitudinal directions. A texture intensity of 1.0 is rep-
resentative of a sample with an ideal, random crystallographic structure in which no
direction is preferred over another. While a preferred crystal orientation is usually
identified in AM metals, the lack of observation in the pure molybdenum samples can
be attributed to the abundance of pores in the microstructure limiting the formation
of a continuous, uninterrupted grain structure. The EBSD maps reveal the expected

columnar nature of grain growth in the longitudinal direction. The grain sizes are
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significantly larger than those in the transverse direction at the same scan speed.
The expected grain refinement is evident in the longitudinal direction as scan speed

increases; however, the transverse direction doesn’t show an obvious trend.
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Figure 4.12. IPF maps (a,c) and KAM plots (b,d) for pure molybdenum printed at
the 100 mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. No
preferred crystallographic orientation is identified with maximum IPF intensities of
1.47 and 1.41 in the transverse and longitudinal directions, respectively.
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Figure 4.13. IPF maps (a,c) and KAM plots (b,d) for pure molybdenum printed at
the 200 mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. No
preferred crystallographic orientation is identified with maximum IPF intensities of
1.56 and 1.69 in the transverse and longitudinal directions, respectively.
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Figure 4.14. IPF maps (a,c) and KAM plots (b,d) for pure molybdenum printed at
the 400 mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. No
preferred crystallographic orientation is identified with maximum IPF intensities of
1.36 and 1.47 in the transverse and longitudinal directions, respectively.
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Figure 4.15. IPF maps (a,c) and KAM plots (b,d) for pure molybdenum printed at
the 800 mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. No
preferred crystallographic orientation is identified with maximum IPF intensities of
1.54 and 1.55 in the transverse and longitudinal directions, respectively.
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GOS graphs corresponding to the KAM plots are displayed in Figures 4.16, 4.17
for the transverse and longitudinal directions, respectively. The GOS graphs are an
indication of residual strains present within the grains. As with other results, the
pure molybdenum specimens do not show a clear trend. Due to how the nature of
the melt pool changes with laser energy density, less residual strains, or a GOS that
favors a high area fraction at the lower angles, is expected at the slower scan speeds.
This is exhibited at the 100 mm/s scan speed in both the transverse and longitudinal
directions, and through the 400 mm/s scan speed, the residual strain increases, but
in both cases the residual stress is reduced in the 800 mm/s. This is postulated to
be because at the high scan rate, much of the original grains are from the powder
feedstock are still present and retain their original structure and stress state due to
never fully melting as seen in Figure 4.15.

Figures 4.18 and 4.19 display the grain boundary analysis that was conducted
on the transverse and longitudinal surfaces of the samples. Grain boundaries less
than 5° were thresholded out. Green lines represent low-angle grain boundaries, or
boundaries with a rotation angle between 5° and 15°. Blue lines represent high-angle
grain boundaries (HAGB), or boundaries with a rotation angle between 15° and 180°.
Table 4.5 displays the fractions of HAGB for the pure molybdenum specimens in the
transverse and longitudinal orientations. As with the other analyses, the pure molyb-
denum specimens do not display a clearly identifiable trend with the print parameters.
As grain sizes decrease, HAGBs are expected to become more prevalent, however this
isn’t observed in the transverse or longitudinal directions across scan speeds. When
comparing orientations, the larger grains in the longitudinal direction do exhibit a

lower fraction of HAGB than the smaller grains in the transverse direction.
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Figure 4.16. Grain orientation spread graphs taken from the transverse surface of the
pure molybdenum samples at 100 (a), 200 (b), 400 (c), and 800 (d) mm/s.
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Figure 4.17. Grain orientation spread graphs taken from the longitudinal surface of
the pure molybdenum samples at 100 (a), 200 (b), 400 (c), and 800 (d) mm/s.
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Figure 4.18. Grain boundary analysis maps for the transverse direction of the pure
molybdenum samples printed at 100 (a), 200 (b), 400 (c), and 800 (d) mm/s respec-
tively.
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Figure 4.19. Grain boundary analysis maps for the longitudinal direction of the pure
molybdenum samples printed at 100 (a), 200 (b), 400 (c), and 800 (d) mm/s respec-
tively.
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Table 4.5. Fraction of high angle grain boundaries for the pure molybdenum samples in
the transverse (XY) and longitudinal (XZ) orientations corresponding to Figures 4.18
and 4.19, respectively.

Scan Speed 100 mm/s 200 mm/s 400 mm/s 800 mm/s

XY Avg (Std Dev) | 0.333 £+ 0.023 | 0.505 £ 0.025 | 0.450 + 0.061 | 0.326 + 0.025
XZ Avg (Std Dev) | 0.144 4+ 0.046 | 0.333 £ 0.026 | 0.429 + 0.045 | 0.318 £ 0.023

Figures 4.20, 4.21, 4.22, and 4.23 display the IPF maps and KAM plots for Mo-
0.1SiC printed at 100, 200, 400, and 800 mm/s respectively. Average grain diameters
corresponding to the EBSD maps are given in Table 4.6. The disparity between the
transverse and longitudinal directions is much larger in the Mo-0.1SiC specimens than
the pure molybdenum and they decrease monotonically as scan speed increases.

Table 4.6. Average grain diameter (um) for the transverse (XY) and longitudinal (XZ)
directions of the Mo-0.1SiC samples.

Scan Speed 100 mm/s 200 mm/s | 400 mm/s | 800 mm/s
XY Avg (Std Dev) | 47.94 +£9.74 4244 £5.89 | 26.32 £ 0.69 | 24.34 £ 1.05
XZ Avg (Std Dev) | 214.08 4+ 29.23 | 75.25 £ 13.33 | 64.49 + 7.21 | 48.36 £ 8.67

Again, the expected strong columnar grains are present in the longitudinal orien-
tation. Similar to the pure molybdenum specimens there is no strong crystallographic
texture in the transverse direction of the Mo-0.1SiC specimens; however there is a
strong texture in the longitudinal direction at the 100 mm/s scan speed. The pre-
ferred orientation is the <100> crystal direction. There were no strongly preferred
directions observed at the 400 and 800 mm/s scan speeds and the max values are no

longer located at the <100> vertex.
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Figure 4.20. IPF maps (a,c) and KAM plots (b,d) for Mo-0.1SiC printed at the 100
mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. Maximum
IPF intensity is 1.405 and 10.876 in the transverse and longitudinal directions, respec-
tively.
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Figure 4.21. IPF maps (a,c) and KAM plots (b,d) for Mo-0.1SiC printed at the 200
mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. Maximum
IPF intensity is 1.734 and 2.360 in the transverse and longitudinal directions, respec-
tively.
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Figure 4.22. IPF maps (a,c) and KAM plots (b,d) for Mo-0.1SiC printed at the 400
mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. Maximum
IPF intensity is 1.544 and 1.268 in the transverse and longitudinal directions, respec-
tively.
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Figure 4.23. IPF maps (a,c) and KAM plots (b,d) for Mo-0.1SiC printed at the 800
mm/s scan speed in the transverse (a,b) and longitudinal (c,d) directions. Maximum
IPF intensity is 1.399 and 1.590 in the transverse and longitudinal directions, respec-
tively.
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GOS graphs corresponding to the KAM plots are displayed in Figures 4.24, 4.25 for
the transverse and longitudinal directions, respectively. The GOS data shows that the
residual stresses present in the Mo-0.1SiC specimens are much reduced compared to
the pure molybdenum specimens at comparable scan speed. The GOS values decrease

with increasing scan speeds which corresponds to a growth in residual stress.
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Figure 4.24. Grain orientation spread graphs taken from the transverse surface of the
Mo-0.1SiC samples at (a) 100, (b) 200, (c) 400, and (d) 800 mm/s.
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Figure 4.25. Grain orientation spread graphs taken from the longitudinal surface of
the Mo-0.1SiC samples at (a) 100, (b) 200, (c) 400, and (d) 800 mm/s.
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Figures 4.26 and 4.27 display the grain boundary analysis that was conducted on
the transverse and longitudinal surfaces of the Mo-0.1SiC specimens. These maps
clearly show the grain refinement seen with increasing scan speed. The fractions of
HAGB for the pure molybdenum specimens in transverse and longitudinal directions
corresponding to the grain boundary maps are displayed in Table 4.7. With the vast
difference in grain sizes between the two directions at the 100 mm /s it is unsurprising
to see that mirrored in the fraction of HAGBs. HAGBs are more prevalent at the
higher scan speeds as grain size decreases, however at the 400 and 800 mm/s scan
speeds the transverse and longitudinal directions have very similar fractions even
though the grain sizes between the two directions at these scan speeds are significantly

different.

Table 4.7. Fraction of high angle grain boundaries for the Mo-0.1SiC samples in the
transverse (XY) and longitudinal (XZ) directions.

Scan Speed 100 mm/s 200 mm/s 400 mm/s 800 mm/s

XY Avg (Std Dev) | 0.216 £ 0.043 | 0.441 £+ 0.27 | 0.267 £+ 0.077 | 0.397 £ 0.004
XZ Avg (Std Dev) | 0.091 £+ 0.017 | 0.429 + 0.016 | 0.238 £ 0.068 | 0.369 £+ 0.032

Figure 4.28 shows the TEM/EDS analysis maps that were generated for the Mo-
0.1SiC specimen printed at 400 mm/s. EDS identifies the content of the secondary
phase nanoparticles as almost entirely silicon and oxygen, devoid of any molybdenum.
EDS analysis indicated that there was not any carbon present, above background, in
or around the nanoparticles. The presence of multiple nanoparticles was first noticed
in the TEM imaging which suggests a large number of occurrences throughout the

material.
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mm/s respectively.

and 800 (c)

Figure 4.26. Grain boundary analysis maps for the transverse direction of the Mo-

0.1SiC samples printed at 100 (a), 400 (b),
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Figure 4.27. Grain boundary analysis maps for the longitudinal direction of the Mo-
0.1SiC samples printed at (a) 100, (b) 200, (c) 400, and (d) 800 mm/s respectively.
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Figure 4.28. EDS analysis of the nanoparticles conducted via TEM. (a) High-annular
dark field (HAADF) image. (b) EDS map with molybdenum highlighted. (c¢) EDS map
with oxygen highlighted. (d) EDS map with silicon highlighted.

SEM imaging was conducted to verify the abundance of the nanoparticles. The
SEM and point EDS results of the etched surface are shown in Figure 4.29. The point
SEM/EDS analysis and TEM/EDS analysis are in agreement that the nanoparticles

are primarily silicon and oxygen. Furthermore, the point EDS analysis shows that

silicon was not present in the bulk but instead contained only in the nanoparticles
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present throughout.
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Figure 4.29. Bulk and point EDS analysis of the nanoparticles conducted via SEM. (a)
Etched surface showing the presence of nanoparticle inclusions. (b) Nanoparticle EDS
analysis result. (c) Bulk material EDS analysis result.

4.2.3 Mechanical Properties

Figure 4.30 shows the flexural strength of the pure molybdenum and Mo-0.1SiC
specimens at the four scan speeds. The bars were tested in such a way that placed the
load across the build direction so that cracks propagated along the columnar grains.

The strength of LPBF molybdenum was improved through the addition of nano-
sized SiC. The flexural strength at a print speed of 400 mm/s was 242.8 £+ 23.5 MPa
for Mo-0.1SiC and 134.3 £ 12.7 MPa for pure molybdenum representing a roughly
80% increase. The strength varied with scan speed, increasing from 100 to 400 mm/s
and decreasing again at 800 mm/s for the Mo-0.1SiC specimens.

Figure 4.31 shows the ductility as percent strain as determined during the flexural
strength measurements. The ductility of the Mo-0.1SiC specimens are improved over

the pure molybdenum at all scan speeds.
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Figure 4.30. Flexural strength of the prepared pure molybdenum and Mo-0.1SiC speci-
mens at the four different scan speeds. The error bars represent the standard deviation
of the three measurements taken for each scan speed.
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Figure 4.31. Ductility, as % strain, of the prepared pure molybdenum and Mo-0.1SiC
specimens at the four different scan speeds. The error bars represent the standard
deviation of the three measurements taken for each scan speed.
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Figures 4.32 and 4.33 show the fracture surfaces of the pure molybdenum and Mo-
0.1SiC specimens. The load applied to the cuboid specimens in the flexural strength
measurements resulted in the fracture surfaces showing the grain boundaries of the
material. In both cases the fracture surfaces were nearly devoid of transgranular
fracture, and instead only show intergranular fracture. The surfaces of the pure
molybdenum specimen showed many open volume defects, caused by a lack of fusion,
where there was poor consolidation as well as unmelted particles that were not present
in the Mo-0.1SiC specimen. Point EDS was performed on the secondary phase present

on the surfaces and revealed only molybdenum and oxygen contained in the inclusions.

e

v

Figure 4.32. SEM images of fracture surfaces for (a) pure molybdenum and (b) Mo-
0.1SiC printed at 400 mm/s.

The secondary phase inclusions in Figure 4.33 were present on all the fracture
surfaces of pure molybdenum and Mo-0.15iC alike, indicating that a prevention of
oxygen segregation to the grain boundaries was not fully achieved at 0.1 wt% silicon
carbide.

The Vickers hardness values for the pure molybdenum and Mo-0.1SiC specimens
at all four scan speeds in Figure 4.34. The Mo-0.1SiC specimens had significantly

higher hardness than the pure molybdenum specimens at higher scan speeds.
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Figure 4.33. Magnified backscattered electron SEM images of fracture surfaces for (a)
pure molybdenum and (b) Mo-0.1SiC printed at 200 and 800 mm/s, respectively.
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Figure 4.34. Vickers hardness values for pure molybdenum and Mo-0.1SiC at the four
different scan speeds. The error bars represent the standard deviation of the forty
individual indentations made on each specimen.
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4.3 Discussion

When taken together, the experimental data outlined in the Section 4.2 indicate
that the addition of nano-sized silicon carbide at 0.1wt% improved the consolidation,
mechanical properties, and in-situ oxidation of LPBF molybdenum.

The images of pure molybdenum in Figure 4.8 demonstrate the impact of laser
scanning speed on melt pool behavior. At increased scanning speeds the melt-pool
temperature is decreased due to decreased energy input [147]. Insufficient energy
input at lower VEDs resulted in the balling phenomenon seen in the pure molyb-
denum samples. Lowering the scanning speed increased energy input and caused
improved wetting and spreading of the molybdenum melt pool which suppressed the
balling effect. The viscosity of liquid molybdenum decreases as temperature increases,
improving the flow of the melt pool, overlapping of weld tracks, and overall consolida-
tion. The addition of nano-sized silicon carbide reduced the balling effect without an
increase in energy input indicating better retention of input energy by the Mo-0.1SiC
powder compared to the pure molybdenum. The effect of sub-optimal energy input
was also observed in the Mo-0.1SiC specimens at higher scan speeds. It is postulated
that addition of nano-sized SiC improved the coupling of the laser to the molybdenum
powder through the scattering of the incident laser energy. As determined through
the K-M analysis, the impact of scattering is about 25% greater in the Mo0.1SiC
powder.

Figure 4.7 clearly shows increased reflectance in the Mo-0.1SiC powder, however
the increased scattering effect results in increased coupling of the laser and powder
system. Additional coupling increases temperature and longevity of the melt pool
which improves the rheological properties of the liquid and produces samples with
better surface quality and less porosity. Gu et al. [94] showed that the addition of

titanium diboride and silicon carbide to copper and AlSi10Mg powders increased the
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absorptivity at the 1064 nm wavelength of the laser used in that work which improved
melting and consolidation. The melting temperature of copper and AlSil0OMg are
significantly lower than that of molybdenum, but the results of the current study
show that a dilute addition of nano-sized silicon carbide can have a similar effect on
consolidation during LBPF.

The porosity values in Table 4.3 and porosity images in Figure 4.11 also indicate
improved melting due to the addition of silicon carbide. It has been shown that
variation in porosity is dependent on magnification and at higher porosity levels the
variation increases [148]. For this reason, comparison to existing porosity reports
can be difficult; however, the porosity values of the pure molybdenum specimens are
roughly comparable to the measurements made by Faidel et al. [30] at similar VEDs.
There is a significant reduction in porosity in the Mo-0.1SiC specimens. The porosity
is lowest in the specimen printed at 400 mm/s and is generally lower at the higher
scan speeds. Two mechanisms for pore formation in LPBF metals are evolution of
gases from powder feedstock or trapping of build atmosphere gases. The likelihood
of these mechanisms occurring increases with increasing VED. High VEDs also result
in melt instability due to gas flow resulting in increased porosity. Porosity can be
created at low VED due to incomplete melting of the powder [149], which is seen in
the Mo-0.1SiC when printed at 800 mm/s. The fracture surface of pure molybdenum
shown in Figure 4.32 illustrates the lack-of-fusion defects and bulk porosity resulting
from insufficient energy input. Dilip et al. [150] showed an analogous trend to the
porosity values of Mo-0.1SiC presented here, in selective laser melted Ti-6Al-4V. An
ideal scanning speed that finds a balance between insufficient and excessive energy
input is likely around 400 mm/s for the print parameters chosen in this study.

While the evidence points towards increased melt pool temperature with the addi-

tion of nano-sized silicon carbide, the scanning speed appeared to have a much larger
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impact on the microstructural evolution. The average grain sizes on the top surface
of the Mo-0.1SiC specimen printed at 100 mm/s is 47.33 4+ 9.47 pm compared to
40.64 £ 7.51 pum for pure molybdenum at the same scanning speed. The average
grain size of Mo-0.1SiC at 400 mm /s was much smaller at 25.52 + 1.09 pum. The re-
duction in grain sizes due to scanning speed was evident in the longitudinal direction
of the Mo-0.1SiC as the average grain sizes for the 100 and 400 mm /s specimens were
211.51 £ 29.13 pm and 58.40 £ 8.16 pum, respectively. The larger grain sizes seen in
Mo-0.1SiC at lower scanning speeds are expected due to increased melt-pool temper-
ature and reduced cooling rates allowing more time for grain growth to occur. The
thermal behavior of the melt pool likely cannot be inferred from only the VED [151];
however, it is reasoned here, and elsewhere, that the increased effective energy input
that is evidenced in the Mo-0.1SiC results in a smaller thermal gradient between the
melt pool and the surrounding solid, reducing the cooling rate [152]. Generally the
presence of secondary-phase nanoparticles, like those shown in Figure 4.29, act to pin
grain boundaries or nucleate new grains to limit grain growth; however, the average
grain sizes between molybdenum and Mo-0.1SiC are comparable. It is possible that
the increased melt pool temperatures and reduced cooling rates induced an anneal-
ing effect that competed with the nanoparticle pinning mechanism to produce the
comparable average grain sizes at the 100 mm/s scanning speed.

The presence of oxygen at the grain boundaries of laser printed refractory metals
is detrimental to consolidation and mechanical properties. Controlling oxygen is of
vital importance to reducing the crack propagation and increasing the mechanical
performance of LPBF refractory metals. The addition of silicon carbide provided
two mechanisms for limiting the presence of oxygen during printing. The oxidation
of silicon carbide can progress by different mechanisms dictated by the presence of

oxygen and temperature. Under a non-reactive (or vacuum) environment, like the
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nitrogen shield gas used in this analysis, oxidation occurs through the vaporization of
silicon into a silicon-rich phase that precipitates carbon. In an oxidizing environment,
silicon carbide can undergo passive and active regimes of oxidation. At lower partial
pressures of oxygen, silicon is oxidized to gaseous silicon monoxide and more volatile
carbon monoxide. Under high partial pressures of oxygen, silicon carbide is oxidized
to solid silicon dioxide and gaseous carbon monoxide [153, 154]. Tt is likely that under
the high temperatures, low oxygen, and non-equilibrium conditions of LPBF some
combination of mechanisms was taking place. In all three scenarios, free carbon is
produced to react with the limited oxygen present in the system, thereby improving
oxygen capture. The silicon and oxygen containing nanoparticles indicate that not
all of the volatilized silicon escaped from the consolidated material. The formation
of nanoparticles instead suggests that the silicon became mobile at the high temper-
atures and sequestered oxygen. The movement of the laser resulted in rapid cooling
of the melt and the silicon oxides became trapped in the bulk of the material, limit-
ing the ability of oxygen to embrittle the grain boundaries. While the formation of
secondary phase nanoparticles indicate that oxygen was captured by the silicon, the
fracture surfaces, in Figure 4.33, demonstrate that the 0.1 wt% silicon carbide added
was insufficient to prevent the formation of detrimental molybdenum oxides.

The flexural strength of Mo-0.1SiC was less than that of pure molybdenum at 100
mm/s, but increased to almost double at 400 mm/s. Interestingly, the grain sizes are
most disparate between the pure molybdenum and Mo-0.1SiC specimens at the 100
mm /s scan speed and converge in both the transverse and longitudinal orientations
at the 400 and 800 mm/s scan speeds. The grain size is therefore primarily influential
between the pure molybdenum and Mo-0.1SiC specimens only at the 100 mm /s where
consolidation was best achieved. Dispersion strengthening due to the secondary phase

could contribute to the increase in strength in the Mo-0.1SiC specimens, but this
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is difficult to confirm to due to the poor consolidation of the pure molybdenum
specimens. The Hall-Petch relationship indicates that strength should increase as
grain size decreases, and thus, without regard to other factors, an inverse relationship
between grain size and strength should exist. As demonstrated in Figure 4.35, this
is not exhibited by the pure molybdenum specimens indicating that the disparity in
flexural strength between the pure molybdenum and Mo-0.1SiC specimens were, at

least in part, due to the lack-of-fusion experienced at the higher scan speeds.
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Figure 4.35. Plot of the relationship between the transverse and longitudinal grain size
and flexural strength for the pure molybdenum specimens.

As shown in Figure 4.36, the flexural strength of the Mo-0.1SiC specimens is
inversely related to the grain size, following the Hall-Petch relationship. At the 800
mm/s scan speed, the strength unexpectedly decreases. The powder system was
subjected to insufficient energy input and poor consolidation became the governing
factor behind flexural strength. The secondary phase nanoparticles present in the
Mo-0.1SiC specimens inherently provide a strengthening effect as pinning locations
that impede dislocation motion and raise the activation energy for slip. The analysis

of the microstructure provided by the electron microscopy techniques presented in this
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Figure 4.36. Plot of the relationship between the transverse and longitudinal grain size
and flexural strength for the Mo-0.1SiC specimens.

chapter do not indicate whether the prevalence of the secondary phase increases with
scan speed, so the majority of the strengthening effect is understood to be governed
by either the grain size or or overall consolidation of the specimen.

Ductility of the Mo-0.1SiC specimens was improved, specifically at the higher
scan speeds, but this is likely due to improved consolidation. All fracture surfaces
exhibited purely intergranular fracture.

As expected, the hardness of Mo-0.1SiC was vastly increased over that of pure
molybdenum due to the presence of the secondary-phase nanoparticles. The pure
molybdenum printed at 200 mm/s had a comparable Vickers hardness of 207 + 16
HVO0.5 as reported elsewhere with LPBF molybdenum at similar energy inputs [32].
The maximum hardness found in the Mo-0.1SiC was 318 £+ 10 HV0.5 in the speci-
men printed at 800 mm/s. Silicon oxide nanoparticles have been shown to increase
hardness in other materials and improve wear resistance [155]. The increase in both
strength and hardness are due to the nanoparticles blocking dislocation movement

and preventing the propagation of cracks. The Hall-Petch relationship predicts an
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increase in hardness as grain size decreases. Given that the grain sizes in Mo-0.1SiC
decrease with an increase in scan speed, the increase in measured hardness is ex-
plained. The absence of a similar trend in the molybdenum hardness was likely due

to the extensive porosity.

4.4 Conclusions

The addition of 0.1 wt% silicon carbide improved the consolidation, mechanical
properties and in-situ oxidation of molybdenum through LPBF and the subsequent

analysis has yielded the following conclusions:

1. The addition of silicon carbide improved melting indicating increased laser en-

ergy absorption of the powder system.

2. Chemical analysis shows that in-situ oxidation of molybdenum powder was re-
duced in the powder system by 60% at the 200 mm/s scan speed by the addition

of silicon carbide.

3. Cross-sectional porosity in the Mo-0.1SiC was reduced by as much as 92% at

the 400 mm/s scan speed as compared to pure molybdenum.

4. The formation of secondary-phase nanoparticles and oxidation of silicon carbide
provided two mechanisms for reducing the effect of oxygen on the consolidated

molybdenum material.

5. The flexural strength and hardness of LPBF molybdenum increased by 80% and
60%, respectively, due to the improved consolidation and reduced lack-of-fusion
defects. The strengthening mechanism switch to grain boundary strengthening

with the addition of silicon carbide.
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V. Positron Annihilation Spectroscopy

Positron methods have been successfully used to investigate microstructural be-
havior during the heat treatments of defected and damaged metals since the method
was first proposed in the 1960s [156]; however, there have been very few reports in the
literature of studies on metals produced through AM techniques. This chapter ad-
dresses the research objectives in Problem Statements 2 and 3. Positron lifetimes and
Doppler-broadening spectra were collected for the pure molybdenum and Mo-0.1SiC
specimens printed at all four scan speeds: 100, 200, 400, and 800 mm/s. Initial mea-
surements were conducted such that the transverse (print) surfaces of the specimens
were exposed to the positrons. Follow-on measurements exposed the longitudinal
(build direction) surfaces of only the pure molybdenum specimens to the positrons.
The contents of this chapter, in part, have been published as an original research
article in the MDPI journal Materials, which is an open-access journal with a 2021
Impact Factor of 3.748 per Journal Citation Reports by Clarivate [142]. Materials
covers a broad range of topics across all classes of materials along with character-
ization techniques. The article was published on February 15, 2023, and has the
following DOI:

DOI: 10.3390/mal6041636 [157]

Further data and analyses have been added to the contents presented in the jour-
nal article as all of the DBAR data and analysis and the positron lifetime analysis
of the longitudinal surface of pure molybdenum was conducted after the article was
originally drafted and submitted for publication. The analysis in this chapter directly
focuses on the research objectives under Problem Statements 2 and 3 presented in
Chapter 1, and indirectly supports Problem Statement 1. The objectives of Problem
Statements 2 and 3 were addressed by comparing the positron lifetime spectra to

the microstructural and mechanical data discussed in Chapter 4. Grain sizes and
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the observed grain boundary misorientation do not correlate with positron lifetimes
and associated intensities, indicating the positrons are sampling regions within the
grains. PALS results identified the presence of dislocations and microvoids not re-
vealed through electron microscopy techniques and correlated with the findings of
SiO, nanoparticles in the samples prepared with silicon carbide. This comparison of
results indicated the usefulness of positron techniques to characterize nano-structure

in AM metals due to the significant increase in atomic-level information.

5.1 Materials and Methods

5.1.1 Specimen Preparation

The pure molybdenum and Mo-0.1SiC specimens used in this study were consol-
idated in the same manner as those used for initial microstructural characterization
as described in Chapter 4. One cylindrical specimen, 15 mm in diameter and 5 mm
thick, was produced for each laser scan speed of 100, 200, 400, and 800 mm/s. All
cylindrical specimens were printed on copper substrates with a 0.5 mm offset at an
initial scan speed of 800 mm/s. This offset was removed when the specimens were
separated from the substrate using wire-cut EDM. EDM was also used to section the
cylindrical specimens into two pieces to produce two identical cross-sectional surfaces,
each with a thickness of roughly 2 mm at each scan speed. The cross-sectional sur-
faces on these cylindrical specimens were representative of the transverse direction.
Cuboidal specimens with dimensions 12 mm x 12 mm x 12 mm were produced for the
pure molybdenum at each scan speed and sectioned in half so that the cross-sectional
surfaces were representative of the longitudinal, or build, direction. Surfaces of all
the samples were ground and polished to 800 grit using silicon carbide grinding paper
using an EcoMet 300 grinding and polishing machine (Buehler, Lake Bluff, IL, USA).

The transverse specimens, as-built, were 5 mm in height. After sectioning, each piece
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was about 2.5 mm thick. Due to the positioning of the positron in the source, they
were likely entering the material in the middle of the cylinder at a depth roughly 2.5
mm below the as-built surface. The longitudinal specimens, as-built, were 12 mm
in height. These were sectioned along this direction so that the build surface was
available for placement against the positron source. The positrons likely entered this
material roughly 6 mm below the as-built surface. These depths are sufficient to be
considered bulk measurements. The decision to evaluate the longitudinal surface of
the pure molybdenum specimens was made well after the original specimens were
produced. By this time, additional Mo-0.1SiC powder was unavailable, so study on

these specimens was not accomplished.

5.1.2 Positron Annihilation Lifetime Spectroscopy

The digital positron annihilation spectrometer used for the positron lifetime mea-
surements includes six BaF, fast scintillation detectors, coupled to fast photomulti-
plier tubes (Hamamastu R3377, Shizuoka, Japan) whose output was digitized using
a bGSs digitizer (CAEN VX1742, Viagreggio, Italy). Its timing resolution is about
204 ps (FWHM).

The positron source was titanium foil-encapsulated #*Na crystallites (A2305-2,
POSN configuration, Eckert and Ziegler) with an activity of 10.1 puCi. The source
is constructed so the #*Na is sealed between two titanium foils, 5.1 gm in thickness
and supported by two 0.25 mm thick titanium disks. The whole source is 19.1 mm
in diameter while the active area has a 9.53 mm diameter.

Positron measurements were conducted by sandwiching the titanium-sealed positron
source between two, nominally identical specimens. The source-sample sandwich was
held together with tape and suspended between the detectors with aluminum wire.

All lifetime spectra of with total counts more than 107 were deconvoluted using the
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PALSfit3 software package [122] after appropriate background and source contribu-
tion corrections as discussed in Section 3.5.

Initial PALS measurements were conducted on the pressed and rolled molybde-
num standard whose microstructural is shown in Figure 2.5. Analysis of the lifetime
spectrum for the molybdenum standard yielded a single lifetime of 136.6 £+ 0.1 ps.
The reduced-x? for this fit was 1.034. The expected lifetime of bulk (defect-free)
molybdenum is around 120 ps [139, 138], however untreated molybdenum has been
shown to have a first component lifetime around 140 ps [141]. This lifetime between
130-140 ps, which is higher than the bulk lifetime, but lower than the monovacancy
lifetime has been attributed to annihilations at dislocations and their intersections
[140]. Staab et al. [158] showed that Monte Carlo simulations indicate a measurable
percentage (1-3%) of annihilations occur at the grain boundaries for materials with
grain sizes less than 15 ym. The grain sizes of the molybdenum standard were mea-
sured as 4.66 £0.28um, but a lifetime around 400 ps that would be associated with

grain boundaries [141] was not found during the lifetime spectrum analysis.

5.1.3 Doppler-Broadening of Annihilation Radiation

DBAR measurements were conducted using an ORTEC high-purity germanium
detector with a resolution for the energy of the 1333 keV (FWHM) of 2.1 keV, and
a DSA 1000 MCA. Data was processed using the Genie 2000 Spectroscopy Software,
version 3.1 [159]. The analysis of the data consisted of calculating the S and W
parameters. The S parameter is defined as the ratio of the counts in the central area
of the annihilation line (510.3 and 511.7 keV) to the total counts in the annihilation
region (505 to 517 keV). The W parameter is defined as the ratio of the counts in
the wing area of the annihilation line (514 to 516 keV) to the total counts in the

annihilation region [114]. The DSA-1000 was configured to produce 8190 channels
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which is the maximum number available [160]. Through analysis of the spectra it
became clear that sub-channel calibration of the detector was necessary. Each spectra
was calibrated using the channel location of the 511 and 1274 peaks. In order to
determine the exact location, MATLAB and the associated curve fitting tool were
used to fit Gaussian functions to each peak. The centroids were determined and a
linear calibration between the 511 and 1274 channels was performed. The channels
in the regions containing the 511 and 1274 keV peaks were interpolated so that the
original number of channels in the peak was multiplied by 1000. This allowed for

sub-channel identification of the centroid and a calibration with more fidelity.

5.2 Results

5.2.1 Doppler-Broadening of Annihilation Radiation

The positron annihilation line energy spectra were collected for the Mo-0.1SiC
specimens and the pure molybdenum specimens in the longitudinal and transverse
directions. As discussed in Section 3.6, broadening of the annihilation line occurs due
to interactions with core electrons. The number of interactions generally increases
with atomic number as electrons and electron-shells are added. As mentioned, com-
paring DBAR results across different published reports is difficult because the abso-
lute momentum broadening spectra are unique to the experimental setup and these
particulars differ.

During the course of the year-long measurements, the HPGe detector resolution
drifted. This resolution was measured at the 1274 keV peak for all collected spectra.
The measured FWHM for all of the collected spectra are shown as a histogram in
Figure 5.1. There are significant differences in the detector’s resolution over the
measurements conducted, however there is not a temporal correlation. The drift is

likely due to the radio frequency interference noise associated with the location where
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the measurements were conducted.
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Figure 5.1. Histogram displaying the measured FWHM at the 1274 keV peak for all
the spectra collected on the HPGe detector used during this research.
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Figure 5.2. Comparison of calculated S parameters and the FWHM of the 1274 peak.

The S parameters determined from all the spectra collected during this research
are plotted against the FWHM of the 1274 keV peak in Figure 5.2. The linearity of

the S parameters offers the potential for correction, however there is enough variation
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to question whether all of the differences are due to the FWHM, or if the specific
material under test has any influence. As the only sample that was measured in
replicate was the single crystal copper, as described in Chapter 3, it is unclear if
different materials will fall along the same line. As such, the current spectra are

incomparable due to detector resolution variability.
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5.2.2 Positron Annihilation Lifetime Spectroscopy

All positron lifetime measurements collected for the molybdenum and Mo-0.1SiC

specimens yielded complex lifetime spectra that required at least two components to

provide optimal fits. Initial guesses of lifetime parameters were chosen as 115 ps and

170 ps, representing the characteristic experimental lifetimes of the bulk and defect

free regions in molybdenum. The results from the initial deconvolution of the PALS

spectra are shown below in Tables 5.1, 5.2, and 5.3. After removal of a constant

background and determined source contribution as discussed in Section 3.5.4, the

initial analysis employed two unconstrained lifetime fitting parameters.

Table 5.1. Results of deconvolution using two unconstrained lifetime fitting parameters
for LPBF molybdenum in the transverse direction with reduced x? values.

Scan Speed (mm/s) | 71 (ps) T2 (ps) I, (%) I, (%) | reducedy?
100 125.2 £0.1 | 751.5 £32.6 | 99.66 £0.02 | 0.34 £0.02 1.068
200 128.8 £0.2 | 583.6 £13.8 | 99.07 £0.04 | 0.93 £0.04 1.083
400 129.7 £0.2 | 430.7 £8.3 | 98.02 £0.09 | 1.97 £0.09 1.052
800 128.7 0.2 | 462.9 £11.4 | 98.69 £0.07 | 1.31 £0.07 1.000

Table 5.2. Results of deconvolution using two unconstrained lifetime fitting parameters
for LPBF molybdenum in the longitudinal direction with reduced x? values.

Scan Speed (mm/s) | 71 (ps) 72 (ps) I, (%) I, (%) | reduced-y*
100 127.7 £0.1 | 851.2 £40.9 | 99.74 £0.02 | 0.26 £0.02 1.069
200 131.6 £0.1 | 863.3 £14.5 | 99.22 £0.02 | 0.78 £0.02 1.172
400 130.1 £0.2 | 597.3 £13.5 | 99.13 £0.04 | 0.87 £0.04 1.108
800 134.1 £0.2 | 536.2 £14.6 | 99.07 £0.05 | 0.93 £0.05 1.124

Table 5.3. Results of deconvolution using two unconstrained lifetime fitting parameters
for LPBF Mo-0.1SiC in the transverse direction with reduced y? values.

Scan Speed (mm/s) | 71 (ps) T2 (ps) I, (%) I, (%) | reduced-y”
100 135.2 £0.3 | 415.0 £2.7 | 92.47 +0.12 | 7.53 £0.12 1.114
200 136.8 £0.3 | 384.8 £4.1 | 94.66 £0.15 | 5.34 £0.15 1.112
400 138.2 £0.3 | 368.9 £5.6 | 95.87 £0.17 | 4.13 £0.17 1.043
800 141.2 0.3 | 409.3 £7.3 | 97.22 £0.12 | 2.78 +0.12 1.069
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The lifetime of the second component found in the longitudinal direction is signifi-
cantly higher than the lifetime of the second component in the transverse direction at
comparable scan speeds. As discussed in Section 3.4, positronium can form in regions
of open volume or along free surfaces. There was a long lifetime component (745.1 ps)
removed due to the source contribution analysis, however this does not fully account
for the positron lifetimes found in the LPBF specimens. The copper and molybde-
num standards measured do not have open porosity where positronium may be likely
to form and therefore this component was not corrected for with in the initial source
contribution analysis. Neither the 7, lifetimes or intensities correlate with the poros-
ity values in Table 4.3, and it is likely that the second component is a combination of
lifetimes that includes positronium and voids. Generally only lifetimes above about
500 ps [107] are considered to be due to the presence of positronium. The transverse
molybdenum samples at the 400 and 800 mm /s have a 75 component that, while still
a combination of lifetimes, is now being dominated by a microstructural feature, such
as voids or vacancy clusters, that are a bulk process. The formation and annihilation
of positronium is not considered to be a bulk process in this case and will therefore
be removed by constraining lifetime parameters during subsequent analyses.

The 71 and 75 components are reduced in the Mo-0.1SiC specimens compared
to the similarly orientated transverse molybdenum specimens. Generally, it appears
that the Mo-0.1SiC specimens are more defected as the 71 component has an inten-
sity significantly less than that of the 7, component in the molybdenum specimens.
Additionally I, corresponding to the second lifetime component, is more prevalent.
All of the Mo-0.1SiC specimens have a 7, lifetime that is being dominated by bulk
microstructural features. While the open porosity of the Mo-0.1SiC is considerably
less than that of the pure molybdenum, the lifetimes and intensities in the Mo-0.1SiC,

like those in molybdenum, do not correlate with the values in Table 4.3. Further anal-
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ysis using experimentally determined constraints for lifetimes found in molybdenum
is warranted to refine the data interpretation.

In a defect-free solid, positron annihilations are characterized by a single lifetime
[107]. When trapping sites are available, differences in annihilation rates due to
variations in electron density result in a range of lifetimes corresponding specifically to
the type of trapping site where they occur [107]. Previous PAS studies of molybdenum
have yielded the lifetimes gathered in Table 5.4. Included in this table is the positron
lifetime for silicon dioxide (SiO3) due to the presence of silicon and oxygen containing,
secondary-phase nanoparticles in the Mo-0.1SiC specimens.

Table 5.4. Experimentally determined characteristic lifetimes for trapping sites found
in molybdenum, with associated references from the literature.

Trapping Site | Positron Lifetime (ps) Reference
Single Crystal 103 Ziegler and Schaefer [161]
Bulk 115 Hyodo et. al [137]
Dislocations 135 Dryzek and Wrébel [141, 140]
Monovacancy 170 Robles et. al [121]
Divacancy ~ 249 Dryzek and Wrébel, Hautojarvi et. al [140, 162]
Si04 ~ 261 Kuriplach and Barbiellini [163]
Microvoids 350 - 450 Hautojarvi et. al [162]

The range of lifetimes associated with microvoids is due to the lifetime of positrons
in a condensed material correlating with the size of the void in which they annihilate.
The larger the void, the longer the associated lifetime [116]. The 350 to 450 ps range
corresponds to microvoids that contain 5-15 vacancies [162].

The lifetimes determined in the unconstrained analysis do not necessarily match
any of the known lifetimes of positrons found in molybdenum. It is likely that the un-
constrained analysis yielded lifetimes that remain convolutions of multiple lifetimes.
Attempting an unconstrained analysis with additional lifetime parameters was un-
successful. Due to this, an iterative approach that involved constraining different

combinations of the lifetimes presented in Table 5.4 was adopted. Due to the sus-
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pected positronium formation a long lifetime of 1 ns, that might be associated with
this occurrence, was constrained. In addition to this, the constrained parameters cho-
sen for the molybdenum specimens were the 115, 135, and 430 ps corresponding to
the bulk, dislocation, and microvoid trapping sites, respectively. The 7, component in
the unconstrained fit for Mo-0.1SiC was around the dislocation lifetime and through
the iterative process it was clear that the shorter lifetime found in the molybdenum
specimens was not present. With the presence of the silicon-oxide nanoparticles in
mind, the constrained parameters for the Mo-0.1SiC specimens were the 135, 261,
and 430 ps corresponding to the dislocation, SiO,, and microvoids, respectively. The
intensities corresponding to these constrained lifetime parameters are shown in Tables
5.5, 5.6, and 5.7, with associated reduced-y? values. It should be noted that while the
reduced-y? values for certain spectra increased, the constrained fits are statistically

consistent with those for the unconstrained fits and are less than 1.2.

Table 5.5. Results of deconvolution using four constrained lifetime fitting parameters
(115 ps, 135 ps, 430 ps, and 1ns) for LPBF molybdenum in the transverse direction
with reduced-x? values.

Speed (mm/s) I (%) I, (%) I; (%) I, (%) | reduced-y?
100 50.51 £0.76 | 49.19 £0.79 | 0.10 £0.05 | 0.20 £0.01 1.109
200 33.71 £0.81 | 65.20 £0.84 | 0.88 +0.05 | 0.21 £0.02 1.083
400 26.01 £0.81 | 72.15 £0.84 | 1.80 +£0.05 | 0.35 £0.01 1.057
800 32.58 £0.80 | 66.13 £0.82 | 1.22 +0.04 | 0.70 £0.01 1.007

Table 5.6. Results of deconvolution using four constrained lifetime fitting parameters
(115 ps, 135 ps, 430 ps, and 1 ns) for LPBF molybdenum in the longitudinal direction
with reduced-x? values.

Speed (mm/s) I (%) I, (%) I; (%) I, (%) | reduced-x?
100 37.94 £0.77 | 61.85 £0.80 | 0.01 +£0.05 | 0.20 £0.01 1.090
200 21.78 £0.78 | 77.14 £0.81 | 0.56 +0.05 | 0.52 £0.01 1.126
400 27.63 £0.77 | 71.31 £0.81 | 0.84 +0.05 | 0.22 £0.01 1.069
800 5.75 £0.84 | 93.13 £0.87 | 0.98 £0.05 | 0.14 +0.01 1.105

Figures 5.3, 5.4 and 5.5 corresponding to the data shown in Tables 5.1, 5.2, and

5.3, respectively, show the intensities of the fixed components. The fourth component
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Table 5.7. Results of deconvolution using four constrained lifetime fitting parameters
(135 ps, 261 ps, 430 ps, and 1 ns) for LPBF Mo-0.1SiC in the transverse direction with

reduced-y? values.

Speed (mm/s) I (%) I, (%) I; (%) I, (%) | reduced-y?
100 91.35 £0.13 | 2.72 +0.22 | 5.76 £0.12 | 0.18 £0.02 1.100
200 92.22 £0.13 | 4.99 +0.21 | 2.66 £0.11 | 0.13 £0.02 1.086
400 92.45 +0.12 | 6.27 +0.21 | 1.14 £0.11 | 0.14 £0.02 1.025
800 91.60 +0.12 | 8.01 +0.21 | 0.14 +0.11 | 0.26 4+0.02 1.074

associated with the annihilation of positronium on the surface of the open-volume

pores is omitted because it is not considered a bulk effect.
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Figure 5.3. Constrained fitting for LPBF molybdenum in the transverse orientation.
The I, I,, and I3 correspond to the three fixed lifetime components: 115, 135, and 430
ps, respectively.
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Figure 5.4. Constrained fitting for LPBF molybdenum in the longitudinal orientation.
The I, I,, and I3 correspond to the three fixed lifetime components: 115, 135, and 430
ps, respectively.
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Figure 5.5. Constrained fitting for LPBF Mo-0.1SiC in the transverse orientation. The
intensities correspond to the three fixed lifetime components: 135, 261, and 430 ps.
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In the pure molybdenum transverse specimens, after the first scan speed at 100
mm/s, the intensity of 71, the defect-free component, drops between 15-20%. Corre-
spondingly the intensity of 75, which corresponds to jogs or intersections of disloca-
tions increases by the roughly the same amount. The third component, 73, intensity
only increases to greater than 1.0% for the 400 and 800 mm/s scan speeds. This,
along with the unconstrained analysis suggests that microvoids in the pure molybde-
num specimens only start to appear at the faster scan speeds.

A similar trend is seen in the longitudinal specimens, however 7 is suppressed
and 7 is enhanced at all scan speeds other than 400 mm/s where the values are
consistent. The 73 component in the longitudinal specimens increase with scan speed
but are not as prevalent as what is seen in the transverse direction. Interestingly, the
consistent intensities in both directions at the 400 mm/s scan speed would indicate
a similar abundance of defect trapping sites associated with these annihilation rates
are being observed, whereas at the other scan speeds this is not the case. As with
the transverse specimens, a monotonic trend with scan speed is not observed.

It was clear from the unconstrained analysis that the shorter lifetime exhibited by
in the molybdenum specimens wasn’t present in the Mo-0.1SiC, and indeed it appears
that the 135 ps lifetime is predominant at a stable intensity of about 92% across the
four scan speeds. In this fitting procedure 7 is 261 ps and represents the presence of
SiOy. The intensity of 75 increases by about 6.5% from the print conducted at 100
mm/s to that at 800 mm/s. The microvoid component, 73, has an intensity at the 100
mm /s scan speed that is significantly higher than any found in the pure molybdenum
specimens. This decreases monotonically with increasing scan speed and is essentially

nonexistent in the specimen printed at 800 mm/s.
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5.3 Discussion

As previously mentioned, the positron lifetime measurements for the all of the
LPBF specimens yielded complex lifetime spectra. The occurrence of multiple life-
time components is a result of numerous trapping processes present in the material.
The microstructure of LPBF materials is often complicated by the conditions at which
the materials are consolidated. While microscopy techniques like SEM, TEM, EBSD,
and EDS, provide very useful information, they are inherently destructive and require
preparation that can, in some cases, be quite significant. PAS techniques offer the
potential of bulk, defect analysis in a non-destructive manner, but the assignment of
lifetimes to specific trapping sites is complicated by influences from both the grain
boundaries and defects within the grains due to the finite timing resolution of ra-
diation detection equipment. The goal of this discussion is to examine the possible
trapping sites within LPBF molybdenum and Mo-0.1SiC and establish which of these

are likely to be contributing to the annihilation characteristics.

5.3.1 Grain Boundaries

Positrons can reach depths of up to 100-150 pm in molybdenum using the **Na
source. Once implanted, thermalization occurs rapidly, within about a few picosec-
onds [115]. The thermalized positron will then diffuse through the lattice in a random-
walk manner. In molybdenum, the diffusion length is less than 100 nm and is de-
pendent on the defect concentration in the lattice, with positrons in more annealed
(i.e. less defected) samples having an increased diffusion length [111]. The average
grain diameters in Table 4.4 are orders of magnitude larger than the positron diffusion
length. The probability of annihilation at a specific trapping site is proportional to
the probability of diffusing to that trapping site and due to grain size and diffusion

length difference, which is at least three orders of magnitude larger, this probability
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is very small [164]. The lifetime of positrons would be expected to be in the 350-450
ps range associated with microvoids. The average grain diameter for the traditionally
manufactured molybdenum was much smaller than for the LPBF specimens, however
there was no indication of a longer lifetime component that could be associated with
grain boundaries as only a single lifetime component of 136.9 ps was identified. Mc-
Kee et al. [165] note that grain diameters on the order of 1 pm would be required
to have consequential contributions the positron annihilation characteristics. As the
grain diameters of the LPBF specimens are much larger than this, it is unlikely that
the grain boundaries are influencing the positron lifetime spectra in a meaningful way

which indicates the trapping sites are located within the grains themselves.

5.3.2 Defect-Free Bulk Material

In well-annealed materials, the most common channel for positron annihilation is
the bulk region where the crystal lattice exhibits no defects. This lifetime is gener-
ally very low for all metals and, as mentioned previously in Table 5.4, is 115 ps in
molybdenum. The two-component unconstrained analysis indicated that this lifetime
was present in the pure molybdenum but not the Mo-0.1SiC specimens. Figure 5.3
shows that the 115 ps component decreases from ~51% at the 100 mm/s to ~27% at
400 mm/s before increasing back to ~33% at 800 mm/s. The laser scanning speed
influences the solidification rates of the melt-pool. At lower scan speeds the cooling
rate that the melt-pool experiences is slower which provides more time and energy
for recovery and recrystallization to occur within the grains. It is expected that the
defect-free lifetime would be more intense in the specimens at lower scan speeds.
Interestingly; however, the GOS graphs imply that the recrystallized fraction is the
highest at the 800 mm/s scan speed. It is postulated that due to the high scan rate,

much of the original grains from the powder feedstock are still present and retain
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their original structure and stress state due to never fully melting.

5.3.3 Dislocations

Dislocations are linear defects in crystalline materials that influence many macro-
scopic properties. They can be created by the external loading or unloading as well as
the agglomeration of self-interstitial atoms [166]. The lifetime associated with disloca-
tions (~135-140 ps) was noted in all the samples measured to include the molybdenum
standard. It is very likely that LPBF and the rolling or extrusion process resulted in
the formation of dislocations so there is confidence that these are acting as the trap-
ping sites associated with this lifetime. Positron studies of deformed molybdenum
have shown decreased dislocation density at 500°C after one hour of annealing [140].
The molybdenum standard would have been subjected to temperatures higher than
this during the manufacturing process. It is possible that the mechanical processes
used to prepare a section of the molybdenum bar for positron analysis resulted in an
increase in dislocation density. The positron spectra for each set of LPBF specimens
indicate the presence of dislocations. The intensity of the 135 ps lifetime compo-
nent increases by ~20% across the 100, 200, and 400 mm/s scan speeds. At the 100
mm/s scan speed the defect-free component is more prevalent, but the dislocation
component is more prevalent at faster speeds. This is likely caused by the rapid
solidification of the melt-pool. The intensity falls at the 800 mm/s due to, again,
incomplete melting of the powder particles. Unlike the pure molybdenum samples,
the dislocation lifetime component is the predominant component in the Mo-0.1SiC
specimens at a consistent intensity of ~92% for all four scan speeds. Dislocations
form around nanoparticles in a metal matrix, and these dislocations can become in-
tersected and tangled [167]. Additionally, the presence of both carbon and oxygen

has been shown to pin dislocation motion in molybdenum reducing the annihilation

148



rate of defects [168]. The large intensity associated with the the dislocation lifetime is
due to the presence of silicon and oxygen containing nanoparticles distributed within
the molybdenum grains. The increased presence of dislocations in the Mo-0.1SiC
helps to explain the differences in flexural strength between the Mo-0.1SiC and pure
molybdenum specimens. Increased dislocation density creates stress within the crys-
tal lattice which impedes dislocation motion, in a process known as strain hardening.
The EBSD analysis does not provide evidence of this vast disparity in dislocation
behavior as the influence of the nanoparticles in the grains is not captured. The
differences between the pure molybdenum and Mo-0.1SiC GOS graphs are due to the
improved energy coupling of the powder system which resulted in higher melt-pool

temperatures, improved melting, and increased recrystallization [143].

5.3.4 Secondary Phases

Two types of secondary phase nanoparticles were found in the LPBF specimens.
Evidence of molybdenum oxides was revealed through SEM on the fracture surfaces of
both the pure molybdenum and Mo-0.1SiC specimens while silicon oxide containing
nanoparticles were found well distributed throughout the grains of the Mo-0.1SiC
specimens by TEM. The solubility of oxygen in molybdenum is quite low and the
segregation of the oxides formed during printing occurs at the grain boundaries [169].
The influence of the grain boundaries is expected to be minimal, thus the presence of
a lifetime corresponding to annihilations in molybdenum oxides is unlikely to be found
with any significant intensity. Chemical composition analysis showed that the oxygen
content was significantly higher in the pure molybdenum specimens than in the Mo-
0.1SiC and that the amount of oxygen increased monotonically with scan speed [143].
It was clear that the increased melt-pool temperature at lower scan speeds drove the

reduction in oxygen; however, it was noted that the silicon sequestered an amount
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of oxygen into nanoparticles. As positrons diffuse through the crystal lattice, they
are repelled by the surrounding atoms so any regions of decreased atomic density
or increased electronic density are attractive trapping sites. Therefore, it is likely
that positrons will diffuse to, and annihilate in, the silicon oxide nanoparticles. The
lifetime for a-quartz, estimated to be around 261 ps, was fixed in the Mo-0.1SiC
positron spectra and, as Figure 5.5 shows, the intensity increases monotonically with
scan speed similarly to the increase shown for the oxygen content. This provides
evidence that some of the additional oxygen that was found in the Mo-0.1SiC at the
higher scan speeds was captured by the silicon and sequestered. It is well known
that nanoparticles can pin grain boundaries in materials thus increasing strength and
hardness. The increasing intensity of the 261 ps lifetime can be correlated to the
hardness measurements conducted on these specimens as both indicate an increasing
abundance of secondary-phase nanoparticles. The increased abundance at 800 mm/s
confirms that the flexural strength of the Mo-0.1SiC was primarily influenced by lack-
of-fusion as the grain size and presence of a secondary-phase would lead to an expected
increase in strength, where instead a decrease was observed. This information was
not readily determined through the use of SEM and TEM, further highlighting the

role that bulk measurement tools like PAS techniques can fill for AM materials.

5.3.5 Voids

The lifetime for nano-voids was fixed at 430 ps for both sets of LPBF specimens
as they were expected to be present at HAGBs. As mentioned previously, HAGBs
become more prevalent as grain sizes decrease. This trend was observed in the Mo-
0.1SiC specimens (Table 4.7), but the intensity of the 430 ps component (Figure
5.5) decreased. This indicates that the 430 ps lifetime component corresponds to

voids not present at HAGBs, but more likely within the grains themselves. The
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intensity of this component in the Mo-0.15iC specimens is inversely related to the
component associated with SiO,. As the energy deposited into the powder system
increases, so too does powder vaporization. Vaporization of the metal powder can
lead to melt-pool instability, key-hole pores, porosity, and lack-of-fusion defects [170].
Molybdenum has a tendency to oxidize under LPBF conditions, first to MoOs and
then further to MoO3. MoQOj3 exhibits extensive volatility and vaporizes readily at the
high temperatures see during LPBF [171]. At higher scan speeds, the overall energy
supplied to the powder system is lower resulting in less vaporization and more oxygen
present in the consolidated component. While the 430 ps component corresponds to
voids that are 5-15 vacancies in size which is much smaller than the standard size
of key-hole pores, which are generally on the order of dozens of microns [172], it is
likely that these voids present in the grains are due to the evaporation of trapped
gases but are not big enough to be considered key-hole pores. An intensity of the void

component decreases because less evaporation can occur at the higher scan speeds.

5.3.6 Effect of Orientation

A comparison of the pure molybdenum transverse and longitudinal specimens
unconstrained lifetime analysis in Tables 5.1 and 5.2 show minor differences compared
to those between the pure molybdenum and Mo-0.1SiC specimens. In general, the
To component decreases in lifetime and increases in intensity with increasing scan
speed for both orientations. This is consistent with a growing dislocation density
due to increased cooling rates. Similar to the unconstrained analysis for the Mo-
0.1SiC specimens, it is likely the two lifetime parameters contain information that is
a convolution of multiple trapping locations. The constrained analysis ensures that
the characteristic lifetime parameters are associated with similar trapping sites in the

longitudinal and transverse directions. There was clear evidence in the constrained
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analysis of the defect-free region; however at reduced intensities for the 100, 200, and
800 mm/s scan speeds. The intensities of the defect-free and dislocation lifetimes are
essentially the same at the 400 mm/s scan speed. This is indicative of dislocations
spatially oriented in the crystal structure in such a way as to trap more positrons in the
longitudinal orientation. The difference in the intensity associated with micro-voids
is not as readily apparent in the constrained analysis, but coupled with the 7 in the
unconstrained analysis, it is likely that the positrons implanting on the longitudinal
surfaces are not being trapped in micro-voids at an appreciable rate compared to the
transverse specimens printed at the 400 and 800 mm/s scan speeds. The difference
in rate is indicative of micro-voids that are not spherical, as the presentation of the
void surface in the longitudinal orientation is less than that in the transverse, and

thus, less positrons are trapped.

5.4 Conclusion

The comparison of results of the EBSD OIM analyses and the PALS measurements

has yielded the following conclusions:

1. Grain boundary evolution during the LPBF process was observable through
IPF plots and KAM maps; however their influence on the positron annihilation

characteristics was insignificant.

2. The ability of the collected single-detector DBAR data to distinguish microstruc-
tural differences proved inconclusive due to significant detector resolution drift

over the course of the measurements.

3. The pure molybdenum specimens exhibit a positron lifetime corresponding to

a defect-free region in the lattice whereas the Mo-0.1SiC do not.

4. PALS measurements highlight the presence of silicon oxide nanoparticles and
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the greatly increased dislocation density in the Mo-0.1SiC, a microstructural

feature that was not readily observable from the EBSD analysis.

5. PALS provides evidence that the quantity of silicon oxide nanoparticles in the

consolidated material increases at higher laser scan speeds.

6. Microvoids are present in the Mo-0.1SiC specimens as a result of metal vapor-
ization, however the subsurface, bulk nature of these pores do not easily allow

for non-destructive analysis through traditional electron microscopy techniques.

The investigation of pure molybdenum and Mo-0.1SiC specimens by PALS measure-
ments have proven the usefulness of PALS to the study of AM materials by elucidating
nanoparticle and atomic level defects. Evidence is shown for microstructural features

that are not fully observed by traditional SEM and TEM analysis.
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VI. Conclusions

The goals of the research presented in this dissertation were to improve the density
and crack resistance of LPBF molybdenum through the addition of silicon carbide
nanoparticles and show that the variations in microstructural environments found in
LPBF molybdenum could be observed through PAS. These objectives were success-
fully reached through the microstructural characterization, mechanical testing, and
PAS studies performed in support of this dissertation. The sections of this chapter
highlight the research conclusions that support the Problem Statements and Hy-
potheses presented in Chapter 1. This chapter concludes with the recommendation
of future work to be done in the future regarding study of additively manufactured

metals through positron annihilation spectroscopy.

6.1 Microstructural and Mechanical Summary and Contributions

The traditional microstructural analysis and mechanical testing presented in Chap-
ter 4 addressed the research objectives in Problem Statement 1. Problem State-
ment 1 identified the main culprit of molybdenum’s poor LPBF performance as oxy-
gen segregation to the grain boundaries and their subsequent embrittlement. Four hy-
potheses were proposed under Problem Statement 1. Hypothesis 1.A proposed
that the addition of silicon carbide would reduce the segregation of oxygen impurities
during consolidation and increase grain boundary strength and cohesion. Hypothe-
sis 1.B proposed that the increased grain boundary strength would reduce cracking,
porosity, and improve mechanical properties. Hypothesis 1.C proposed that the
addition of nanoparticles to molybdenum powder would increase the ability of the
powder bed to absorb the energy from the laser and improve melting. Hypothesis

1.D proposed that the additions of carbides to AM molybdenum would behave simi-
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larly to those in AM tungsten and create secondary phase silicon-oxygen nanoparticles
that sequester oxygen from the grain boundaries. The objectives of Problem State-
ment 1 were achieved by consolidating pure molybdenum and molybdenum with a
dilute, 0.1wt%, addition of silicon carbide nanoparticles at four different scan speeds
of 100, 200, 400, and 800 mm/s. Powders were characterized through electron mi-
croscopy, inert gas fusion and laser reflectance techniques. The consolidated samples
were subjected to inert gas fusion, electron backscatter diffraction (EBSD), optically
determined porosity, energy dispersive x-ray spectroscopy (EDS), three-point bending
strength and Vickers hardness measurements. The addition of 0.1 wt% silicon carbide
was successful in reducing the concentration of oxygen present in the consolidation
samples verifying Hypothesis 1.A. The pure molybdenum samples prepared showed
up to 60% oxygen by way of comparison. The extensive microstructural character-
ization performed in support of Hypothesis 1.A enabled the analysis of the PAS
studies in Chapter 5. The cross-sectional porosity in the Mo-0.1SiC was reduced by as
much as 92% compared to pure molybdenum and the flexural strength and hardness
were improved by 80% and 60%, respectively, verifying Hypothesis 1.B. The im-
provement in consolidation resulted in the differences between the pure molybdenum
and Mo-0.1SiC specimens, but only flexural strength in the Mo-0.1SiC specimens
was governed, in part, by grain boundary strengthening. The reduction in porosity
in the Mo-0.1SiC confirmed the improved melting and the reflectance measurements
of the pure molybdenum and Mo-0.1SiC powders confirmed that this was likely due
to increased scattering and subsequent absorption of the incident laser verifying Hy-
pothesis 1.C. Transmission electron microscopy (TEM) and its associated EDS mea-
surements confirmed the presence of secondary-phase, silicon-oxygen nanoparticles.
Scanning electron microscopy (SEM) imaging indicated that the secondary-phase was

well distributed throughout the bulk of the consolidated samples. Along with the over
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reduction of carbon and oxygen in the Mo-0.1SiC samples after consolidation, these
findings belied two mechanisms of oxygen reduction and verified Hypothesis 1.D.
The contributions from the research in support of Problem Statement 1 are as

follows:

1. Identified silicon carbide nanoparticles as an option for improving the melting

and consolidation of LPBF molybdenum.

2. Published the first characterization of LPBF molybdenum with the addition of

silicon carbide [143].

3. Showed that the in-situ oxidation of molybdenum powder was reduced in the

powder system by as much as 60% [143].

4. Demonstrated the reduction in cross-sectional porosity of up to 92% due to the

addition of silicon carbide [143].

5. Documented the presence of silicon-oxygen containing nanoparticles, indicating

a similar secondary-phase formation process to tungsten [143].

6. Compared hardness and flexural strength properties between LPBF molybde-
num and LPBF Mo-0.1SiC demonstrating improvement at all scan speeds with

the addition of the silicon carbide nanoparticles to the powder system [143].

6.2 PAS Summary and Contributions

The PAS studies presented in Chapter 5 addressed the research objectives in
Problem Statements 2 and 3. Problem Statement 2 recognized the ability
of atomic-scale defects in the microstructure of LPBF molybdenum to influence the

macroscopic properties like hardness and strength, and additionally, the inability
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of traditional characterization techniques to easily identify these defects in a non-
destructive manner. Problem Statement 3 highlighted the orientational differ-
ences in LPBF microstructures due to the formation of columnar grains in LPBF
metals. Positron lifetime measurements were presented in Chapter 5 and when com-
pared to the EBSD measurements presented in Chapter 4 indicated the influence
of grain boundaries on the positron behavior to LPBF molybdenum and Mo-0.1SiC
was insignificant. This negatively impacts the verification of Hypothesis 3 as the
lifetimes appeared to be indifferent to the large columnar grains found in the build
direction. At the nanostructural scale; however, orientation differences were observed
in the annihilation rates in dislocations and micro-voids. The pure molybdenum
specimens exhibited a positron lifetime corresponding to a defect-free region in the
lattice whereas the Mo-0.1SiC did not. Additionally, micro-voids were identified by
positron lifetimes in the LPBF specimens. A lack of evidence of these microstructural
differences in the myriad of destructive testing conducted on these specimens verified
Hypothesis 2. The presence of secondary-phase nanoparticles in the Mo-0.1SiC
specimens was highlighted by the positron lifetimes, further supporting Hypothesis
1.D.

The contributions from the research in support of Problem Statements 2 and

3 are as follows:

1. First PAS study of LPBF molybdenum and Mo-0.1SiC.

2. Demonstrated that the positron measurements performed were indifferent to the
grain sizes and anisotropic orientation differences in the consolidated specimens

tested.

3. Differentiated between defect-free regions found in the pure molybdenum spec-
imens and the defected microstructure found in Mo-0.1SiC due to the presence

of the secondary phase nanoparticles.
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4. Identified lifetimes characteristic of the presence of silicon-oxygen containing

nanoparticles in the Mo-0.1SiC specimens.

6.3 Recommendations

The addition of nanoparticle silicon carbide to the pure molybdenum powder sys-
tem improves the consolidation through LPBF; however, continued study of the ef-
fects of silicon carbide on the LPBF of pure molybdenum is warranted. Future studies
should include variation of both silicon carbide particle size and concentration. Single
weld tracks produced through the LPBF printer need to be studied to more clearly
understand the influence of silicon carbide on the melt-pool size and shape. Further-
more, reflectance measurements on the different powder systems will provide insight
on the laser-powder interactions. Due to time constraints, the sample size for this
research was necessarily limited to four scan speeds. To inform the trends found in
the four scan speed data points, characterization of the 300, 500, 600, and 700 mm/s
scan speeds should occur. Printing parameters other than scan speed, such as laser
power, hatch spacing, and layer thickness have all been proven to effect the consoli-
dation of LPBF molybdenum in various ways [98]. While exhaustively addressing the
entire build parameter design space would be nearly impossible, a controlled study of
the influence of powder layer depth and hatch spacing on the positron annihilation
lifetimes would provide a clearer picture of the differences observed during this work.

The oxidation of refractory metals and alloys remains a problem that must be
solved. Ab initio simulation methods have effectively shown the stability of certain
oxides present within a refractory metal system [173]. Studying the Mo-0.1SiC system
along with other concentrations of silicon carbide would identify the thermodynam-
ically favorable formation of silicon, carbon, and molybdenum oxides and assess the

potential for silicon carbide additions to aid in the oxidation resistance of the consol-
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idated component.

PALS measurements were able to distinguish between the Mo-0.1SiC and pure
molybdenum specimens at a nano-scale resolution; however the PALS array is limited
to only one experimental run a week due to low throughput and the size of the data
files generated for each run. The PALS Array was built as a digital test bed and not
a production system. A tuned, high-throughput analog system would be sufficient for
subsequent measurements. Using such a system would allow for many more samples
to be run in a short amount of time and would inform the suspected trends derived
from the four data points used in this dissertation.

The Doppler-broadening measurements proved inconclusive due to detector res-
olution drift. While unconfirmed, it is possible that this drift was due to changing
environmental or electronic conditions over the extended period needed for measure-
ments due to the PALS Array. It is also possible that the variation is due to material
specific attenuation or the varying thickness of the samples. Potential exists that
there could be a quantifiable linear relationship between the detector resolution and
the lineshape parameters that are characteristic of the broadening of the 511 keV
photopeak. DBAR measurements on multiple different samples in replicate are re-
quired to confirm this assessment. This does not absolve the high energy background
issues inherent to single detector DBAR experiments though. There are a few meth-
ods available to examine the differences in high energy annihilations, to include the
use of a two detector-coincident technique, extensive post-processing, mathematical
treatment of the data to numerically reduce background or the use of %Ge source
[130]. These methods would be appropriate for high momenta examination, but only

after the systematic variation is addressed and resolved.
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