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Abstract

Additive Manufacturing of Oxide Dispersion Strengthened Multi

Principle Element Alloys for Future Aerospace Applications

Abstract

by

LAURA G. WILSON

0.2 Absiract

Oxide Dispersion Strengthened (ODS) materials have long been of interest for their
high temperature applications, and additive manufacturing enables their manufactur-
ing viability. The ODS multi-principle element alloy NiCoCr was prepared using pow-
der metallurgy techniques, additively manufactured, and evaluated for its processing-
microstructure-property relationships. The high temperature foundations of nickel-
base superalloys and ODS materials were combined with the manufacturing advantages
of 3D printing and the chemical simplicity of NiCoCr to inspire this work, which was di-
vided into powder and printed material assessments. The project was achieved through
multiple iterative project loops to assess the processing parameters’ impact on the mi-
crostructure and mechanical properties of the feedstock powder and printed material.
The powder investigations (Chapter 3) focused on understanding the oxide coating that
formed on the metal powder following acoustic mixing. Time of Flight Secondary Ion

Mass Spectrometry was used to semi-quantitatively assess the amount of yttrium on the

Xix



surface of the mixed powders, and indicated that a combination of higher mixing condi-
tion energy and moderate mixing time resulted in the most oxide coating on the NiCoCr
powder. The results were supported by a qualitative assessment of scanning electron
images of coated powder particles. Following mixing, the ODS NiCoCr was consolidated
by Laser Powder Bed Fusion. The evaluations of the printed material (Chapter 4) first
considered screening experiments including Archimedes’ density, porosity, and grain
size and number metrics from electron backscatter diffraction data. After the ideal ad-
ditive manufacturing parameters were identified, both the oxide homogeneity and yield
strength were discussed for the idealized printed material. Overall, the project suggests
that the combined use of qualitative or semi-quantitative powder surface analysis with
Archimedes’ density analyses can be a valid high-throughput technique which can lead
to process optimization of Laser Powder Bed Fusion additively manufactured ODS ma-

terial.



1 Introduction

1.1 Application

The aerospace industry is always looking to push the temperature limits of materials to

improve fuel efficiency. Researchers have for decades studied high temperature materi-
als that can push that ceiling for components in the hot section of turbine engines. 18-

Components in turbine engines such as turbine blade edges must be designed to face

high centrifugal and thermal stresses combined with steep temperature gradients.?° Ni-
based alloys have filled this role for decades, and advances continue to be made regard-
ing their temperature capabilities, oxidation and corrosion resistance, and stress toler-
ance so that they may better fit that role.'®2! Alternative materials which can operate

beyond the temperature range of Ni-based alloys necessitate the use of carbon/carbon
composite materials and refractory metals. At temperatures above those, ultra-high
temperature ceramics are required.2°

NASA has long been interested in high-temperature materials research for use in

turbine engines, too, along with rocket combustion chambers, reentry vehicle surfaces,
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and advanced space power systems. NASA Glenn Research Center has been at the fore-
front of NASA’'s material research front with advances to Ni-based superalloys for tur-
bine engines since the 1950s, and continues to be interested in developing high tem-
perature materials for improved emissions and safety.?! The National Strategy for Ad-
vanced Manufacturing, as well as NASA’s Technology Taxonomy outlines the continued
need for high-temperature materials and additive manufacturing to produce complex-
shaped parts for future aerospace missions.?>%

Nickel-base superalloys have for decades been the material of choice for researchers
studying high temperature applications in the aerospace industry. Multi-principle El-
ement Alloys (MPEAs) have also been studied in the past couple of decades as a high-
temperature material. Both of these groups of materials face a similar problem in the
temperature limitations of their primary strengthening mechanisms, however. In order
to make significant strides past those temperature limits, composite materials involving
the integration of higher-temperature phases are required. Previous studies have shown
temperature increases with additions of single elements (Mo?*, Ti?>>?6, and Al?%), other
nano-sized particles®’, as well as with oxides. 92829

This dissertation is evaluating a high temperature composite material, an oxide dis-
persion strengthened (ODS) multi-principal element alloy ODS NiCoCr. ODS materials
were well studied in the 1960s-1980s time frame, and were considered to be a "silver
bullet" in terms of increasing the temperature capability of nearly any alloy.3® Much of
the research into ODS materials was halted, however, due to the high level of difficulty
and high costs associated with manufacturing ODS alloys. ODS alloys were traditionally

manufactured with hot-dye extraction followed by complex cold working and process-

ing to make the required shapes with specific properties of interest, an often difficult
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and timely process. !%3%-32 Many of the ODS material manufacturing challenges can be
overcome now, however, with the use of additive manufacturing (AM).

AM, and specifically laser powder bed fusion (LPBF) AM, allows for low-cost, low
material waste consolidation of metal components from powder feedstock material.
Powder metallurgy allows for high chemical accuracy and customization of the mate-
rial to be manufactured.3>3* LPBF AM can produce complex-shaped parts with little to
no post-working needed.3>36

AM is the key technology that enables the simple and cost-effective production of
ODS components, which have higher temperature capabilities than Ni-based super-
alloys or MPEAs alone, in the complex shapes required for engine components in the
aerospace industry. AM of ODS MPEA material (NiCoCr for this dissertation) further en-
ables this through a simpler material that allows for the focus of the investigation to be

on the ODS material and not the complicated chemical reactions occurring during the

various processes.

1.2 Aims

This dissertation begins with an literature review of relevant topics (Chapter 2), and then
the work is broken into two main parts, before a final discussion chapter (Chapter 5) and
a chapter dedicated to future work (Chapter 6). The first main part (Chapter 3) deals with
understanding the effect of the powder preparation parameters on the quality of the
oxide distribution AM feedstock material. The powder is prepared via acoustic mixing

with a Resodyn acoustic resonance mixer.3” While there are several parameters at play
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during the complex mixing process, the main two parameters that influence the quality
of the mix are the mixing time and a mixing condition energy’.

Mixing energy and mixing time are the main variables that can impact the powder
mix in the acoustic mixer.3"Y An initial qualitative analysis of ODS NiCoCr powder (dis-
cussed in Chapter 3.4) revealed a significant difference in the amount of oxide (yttria)
powder coating the surface of the NiCoCr powder following various mixing parameter
combinations. The literature-supported concepts of the mixing parameters’ impact on
the mixed material along with the initial qualitative experimental results combined to
inspire the first project aim.

The second part of this dissertation work (Chapter 4) explores the impact of the
AM parameters on the resulting microstructure and mechanical properties of the LPBF
printed parts. A number of studies have concluded that the microstructure of LPBF
printed components are impacted by the printing parameters, specifically laser power
and scan speed, but also hatch spacing and layer thickness. 40-42

This dissertation focuses on the impact of laser power and scan speed; especially in
relation to printed part porosity, laser power and scan speed have been shown to have
an impact. Several studies have shown that too low laser power combined with too high
scan speed can result in incomplete melting of the material, that lower scan speeds can
lead to more complete melting, and that too high laser power can result in deleterious
over-melting effects that lead to cracking and porosity. All studies agree that a balance
in parameters must be found that results in idealized microstructure and mechanical

properties. 143745 [t was therefore an essential aim of this dissertation to investigate and

1As this is a NASA funded dissertation, some of the values discussed in this work have intellectual property
sensitivity, and therefore are normalized. In particular, the manufacturing parameter values are normal-
ized.
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find the balance of AM parameters that resulted in LPBF produced ODS NiCoCr with

idealized microstructure and mechanical properties.

1.3 Approach

An iterative process was designed to most efficiently work through the dissertation. The
knowledge gained from initial experiments and evaluations informed a more efficient
parameter selection for successive experiments and directed the aspects of the project
that required further scrutiny. This manner of project flow not only allowed for efficient
use of time and materials, but also conformed to the iterative study design concepts of
reworking and convergence, which involves step-wise improvements to parameters to
achieve defined goals.*® While the importance of iterative study designs are well docu-
mented, *64" few studies employ and document this approach in the published content
of their research, unlike the present dissertation, which does.

The project flow was built around materials science’s ubiquitous Processing - Mi-
crostructure - Properties (P|[M|P) triangle. The Processing stage of this dissertation con-
sists of both powder processing and additive manufacturing. The Microstructure and
Properties stages include evaluations of the powder and printed bulk material. The com-
bination of data from powder processing, additive manufacturing, microstructure anal-
yses,and mechanical testing feeds into statistical models that inform the different steps
of the project as well as the final process map (Figure 1.1 provides a graphical represen-
tation of the overall dissertation flow). The flowchart illustrates how this is an iterative
process: the knowledge gained during one process loop feeds into the models and in-
forms the next process loop; the information from the previous loop is crucial to the

design of the next.
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Properties Processing

Process
Micro-
Structure

HWN-

Figure 1.1. This is the process flowchart that the dissertation follows. The
colored lines moving around the flowchart represent the individual pro-
cess loops and are explained in the key. The loops start at the white trian-
gle, move through the main stages of the process (Processing, Microstruc-
ture, and Properties, represented in the three colored circles around the
outside of the flowchart), and feed into the models. Subsequent loops are
informed by the models and then "pass go" and start again.

Along with iterative study design, the dissertation also followed the principles of a
design of experiments (DOE) approach in conjunction with the project loops.*® The first

loop consisted of qualitative comparisons with the mixing time and mixing condition as
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the factors. Subsequent loops progressed to the screening/characterizing areas where
the goal was to quantitatively understand the process and investigate the more and less
important factors, based on models. Initial, linear modeling was included in the project
to determine the mathematical relationship between the factors (AM parameters in this
case) and the output (microstructure and properties). While the dissertation did not
move into the optimization area of DOE, many of the steps leading up to it were com-
pleted, and the concepts are discussed in the Future Work chapter (Chapter 6).

The first aim of the dissertation is quantitatively investigated through a powder coat-
ing analysis by Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS). Seventeen
powder samples are mixed, each with a different combination of mixing time and mixing
condition. TOF-SIMS is then used to semi-quantitatively evaluate the amount of yttria
on the surface of the NiCoCr powder. These semi-quantitative results are related to the
qualitative investigation of oxide coating quality, which involved scanning electron mi-
croscopy (SEM) images and Energy Dispersive Spectroscopy (EDS) analysis of powder
samples mixed with nine parameter combinations.

The second project aim focuses on a screening evaluation of the microstructure and
properties (porosity, density, grain size, number of grains, and oxide distribution) of
multi-feature blocks printed by LPBF AM with three different laser powers and three
different scan speeds. These AM parameters’ impact on the Archimedes’ density is first
considered and how that relates to material porosity. Electron Backscatter Diffraction
(EBSD) was used to gather grain metrics on the printed material, and the scan speed and

laser power’s impact on the grain size and number of grains is investigated and modeled.
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These screening experiments yielded idealized printing parameters which were used
to print tensile samples (which were tested and compared to similar materials) and to

investigate the oxide distribution in printed samples.

1.4 Project Success Terms

Based on the criteria that the oxide in ODS materials needs to be homogeneously dis-

tributed 193049

, the oxide coating quality following various mixing parameter combina-
tions was evaluated on consistency. A more consistent and even coating (as determined
during the qualitative analysis) correlated with more oxide detected in the TOF-SIMS
experiments.

The screening evaluations of the printed material operated on the concept that in or-
der to have mechanical properties comparable to traditionally manufactured material,
AM materials should be fully dense. 35,36,50,51 1t was also considered that, at moderate
to low temperatures, Hall-Petch strengthening is the dominant strengthening mecha-

52,53

nism , s0 a higher number of grains would be more ideal. At high temperatures,

however, which is of more interest for the ODS NiCoCr material, Orowan strengthening

t26'27’52’54

is dominan , so homogeneous oxide distribution in the printed material with

larger grains was the mark of success.

1.5 Scientific Insights

Not only is ODS NiCoCr a new material and part of a process that was developed and
patented at NASA Glenn during the dissertation, but the dissertation presents a num-

ber of novel ways to characterize this material and similar materials. The application of
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iterative process loops is a well understood though seldom applied approach to experi-
mental design as reported in the literature, 464755

In terms of powder analysis, this dissertation’s use of TOF-SIMS to semi-qualitatively
evaluate the oxide coating on acoustically mixed ODS NiCoCr samples is a novel contri-
bution to the field. At the time of this dissertation, TOF-SIMS has not been used to eval-
uate oxide coated metal powders. The methodology outlined in this study is applicable
to other coated powders as well. The qualitative framework for characterizing the pow-
der surface, as described in this dissertation, can also be applied to a variety of materials
and serves as a characterization guide.

Additionally, while the relationship between AM parameters is documented in in-

numerable studies,¢8-36:41,56

this study presents numerical models to quantify the rela-
tionship between the laser power and scan speed and the printed material microstruc-
ture. This dissertation also documents the use of Archimedes’ density measurements as

a quick screening tool.
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2 Literature Review

2.1 High Temperature Materials

High temperature materials are those which are capable of withstanding constant or
quickly cycling temperatures and varying levels of operating stress. High temperature
materials must also exhibit oxidation resistance at those temperatures.?>?! These and
other high temperature materials have been greatly important to the aerospace indus-
try due to the efficiency of power conversion’s direct relation to operating temperature. 2°
High temperature metals in aerospace are primarily used in hot sections of turbine en-
gines, heat exchangers, and other power conversion components. 18-21

Research into high-temperature materials at NASA Glenn Research Center has fo-
cused on not only turbine engine hot sections, but also rocket combustion chamber
liners, the surface of atmospheric reentry vehicles, and space power systems. The re-
search has specifically focused on understanding the processing - structure - property
relationships of the high-temperature materials and the interactions with the harsh,
application-specific environments.?! High-temperature materials research continues to

fit into the current technology areas NASA will advance in order to achieve their future

aerospace missions and activities. 22



Literature Review 11

Not only are NASA and other research agencies interested in higher-temperature
materials, but there is significant interest in manufacturing these materials into complex-
shaped components. Highly complicated metal components, such as combustor domes
and compact heat exchangers are at the forefront of current high temperature materials
research, and cannot easily be made with traditional, subtractive manufacturing tech-
niques. These complicated shapes necessitate advanced manufacturing techniques like
additive manufacturing (AM), which has been noted by numerous agencies including

NASA. 22,23,57,58

2.1.1 Nickel-base Superalloys

Ni-based superalloys have been studied for decades as a high temperature material im-
portant to the aerospace industry. Over these decades, advances have come in the form
of improved alloy compositions and novel processing alterations of Ni-based superal-
loys in order to increase their operating temperature. 8335 Nickel-based superalloys
have been used for applications with temperatures up to tens of degrees above 1000 °C.
Cr and Co have been alloying elements within nickel-base superalloys, for example, to
act as oxidation resistance and solid solution strengthening elements, 18:20:60

In order to achieve the high temperature strengths that make Ni-based superalloys
such a desired material, they need to contain a large variety of elements. These alloys
contain elements to enable y’ precipitation strengthening and oxidation and corrosion
resistance, which all combine to give these alloys notably stable properties up to 1000 °C,
or around 60% of their melting temperature. 18331 These complex chemistries require

very precise heating and processing in order to form the correct volume fraction and size

of the v’ phases necessary for precipitation strengthening.3® Nickel-base superalloys,
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especially those with high y’ volume fractions, are, however, often difficult to thermo-
mechanically process (i.e., working or forging) as they require specific microstructural
processing to avoid cracking. 434451.61

In addition to the complex processing requirements of Ni-based superalloys, the
progress in increasing the temperature capabilities of Nickel-base superalloys has long
been nearing an asymptote.'® The dissolution of the y’ precipitates, which is the main
strengthening mechanism in Ni-based superalloys, presents a hard limit on the operat-
ing temperature of these materials. 131336263 There is a need to transition from solid-
solution strengthening to precipitate or dispersion strengthening, which are methods of
strengthening alloys at temperatures above those at which precipitation strengthening
is effective. 3163

Issues surrounding the complex chemistry required by Ni-based superalloys con-
tributed to the need for powder metallurgy (PM). Powder metallurgy started to become
popular due to the ability to achieve high material purity and homogeneity, not to men-
tion that powdered metal billets were easier to work and shape than their forged prede-
cessors. 335964 powder metallurgy also allows for the low-cost manufacturing of unique
components not achievable with traditional manufacturing methods, due in part to
PM'’s high material and energy efficiency.3*%°

Alloy powder is traditionally made by a prealloying process which can include me-
chanical milling, chemical methods, or atomization. 34666 Mechanical powder man-

ufacturing methods include mechanical alloying and milling, both of which can alter

the morphology of the original powders and potentially introduce contamination in the



Literature Review 13

form of either the a mixing additive or the grinding media.%>% Chemical methods re-
quire a reaction medium in addition to the elements intended to be mixed.% Atomiza-
tion methods can be used to create powder with a specific composition and size distri-
bution, but is not a method to combine multiple dissimilar powders. %667

Once the powder is made with the correct alloy chemistry, PM parts have commonly
been consolidated in a die with the aid of heat and pressure. It is difficult, however, to
impart the consistent material density throughout a complex part with rigid die com-
paction.3* PM parts also inherently contain porosity, for which the level is dependent
on the consolidation methods and parameters, as well as heat treatments.333* Internal
porosity is commonly reduced with hot isostatic pressing (HIP), but this can only allevi-
ate porosity to an extent, 3334:40:43,60,68

In addition to the porosity and consolidation issues inherent to PM, powder met-
allurgy superalloys, specifically, are considered difficult to extrude due in part to the
high strain rates and intense controls required to produce the desired microstructure
and mechanical properties.®! These difficulties arise from the complex chemistries of
Ni-based superalloys, and despite the high chemical purity and customizability advan-
tages of powder metallurgy, Ni-based superalloys are still considered difficult to manu-
facture. 335161 Multi-principle element alloys (MPEAs), on the other hand, are a class of
material with less complex chemistries that have been studied as an alternative material

for high temperature applications. 5%7°

2.1.2 Multi-Principle Element Alloys (MPEA)

MPEAs, formerly referred to as high and medium entropy alloys (HEA and MEA respec-
tively), have been developed and explored in since the early 2000s.”° HEAs are com-

posed of five or more elements (3 or 4 for MEAs) in near-equiatomic proportions to
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originally promote solid-solution strengthening.%?*71=73 They are described as having
high configurational entropy among their elements, which favor a single solid solution
phase (as opposed to the formation of intermetallic compounds). The simplified mech-
anism behind HEAs is a balance between entropy and enthalpy achieved through a min-
imization of Gibbs Free Energy.%>"? Diffusion is also said to be slow in HEAs, supported
by several studies referring to high activation energies and difficult substitutional diffu-
sion.”®

The CoCrFeMnNi family (known as the Cantor alloy) is one of the most widely stud-
ied HEA, from which NiCoCr has been shown to have a great strength, ductility, and
toughness combination, with a melting temperature of 1690 K.#2>71:72 NiCoCr is hard-
ened through multi-phase regions (face-centered-cubic or primitive -FCC or FCP- nor-
mally with regions of hexagonal-close-packed -HCP), low stacking fault energy, and de-
formation twins, all which help to hinder deformation movement. 71-76 This HCP (sigma)
phase is Cr-rich, and has been shown form at temperatures at 700 C and lower, and to
increase strength and decrease ductility. /%777

While MPEAs alleviate many of the chemical complexities from Ni-based superal-
loys, they face a similar intrinsic strengthening asymptote derived from solid solution
strengthening. In recent years, research has shifted to exploring elemental doping or
other phase additions to induce precipitation strengthening in MPEAs. A study by He et
al.?4, for example, combined thermomechanical processing with molybdenum-doping
of an equiatomic NiCoCr MEA in order to increase its strength and ductility, which was
achieved through precipitation hardening and hierarchically related recrystallized and

non-recrystallized zones. The fully recrystallized Mo-doped NiCoCr MEA, aided by solid
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solution strengthening from the Mo, exhibited a yield strength 12% higher than the non-
doped NiCoCr MEA.?* It has also been shown that micro-additions of Ti and C to NiCoCr
promote equiaxed grains in drop-cast material. The Ti additions improved the tensile
properties of the NiCoCr, primarily due to TiC forming as temperature stable particles
that acted as heterogeneous nucleation sites for grain growth.?® Elemental additions (of
Al and Ti) to the FeCoNiCr matrix were shown to increase strength through formation of
nanoscale precipitates, but that these precipitates dissolved at high temperatures (>800
°C).26 While these studies have shown that precipitates can be used to impart strength
to MPEAs, precipitates will always have an inherent stability limit lower than the melting
temperature of the base alloy. This will result in a similar asymptotic performance issues

that currently hinder the advancement of nickel-base superalloys.

2.1.3 ODS

Dispersion-strengthened alloys lack the same performance asymptote of solid-solution
strengthened alloys because they rely on strength from an ex-situ added dispersed phase.
It has been noted from previous studies that precipitation and dispersion strengthening
generally have a stronger effect on mechanical properties than solid-solution harden-
ing, which supports the need for dispersion-strengthened materials in a variety of tra-
ditionally solid solution-strengthened alloys. ° The dispersed phase is finely distributed
within the crystalline matrix, which yields more strength than the matrix phase alone. "
Regarding the size of the dispersed phase, it has been shown that nano-sized particles
integrated into a metal matrix are have a beneficial effect on the mechanical properties
of the metal matrix material.?’

In ODS materials, the dispersed particulate phase is an oxide, traditionally thoria or

yttria. These ODS materials were studied throughout the 1960s, 70s, and 80s, and were
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thought of as a potential go-to solution for extending the high temperature capabilities
of nearly any alloy system as they could remain stability at high temperatures, above
55%-70% (up to 90%) of the melting temperature of the pure metal alloy.?%3%" Many
commercial ODS alloys contain 0.5-1.3 (1.14 avg) wt% yttria.’® The main interest in us-
ing oxides as the dispersed phase for circumventing the asymptotic temperature per-
formance of nickel-based superalloys revolves around their stability and strengthening
capabilities in the 800 °C to 1200 °C temperature range. 334

Not only do the oxide dispersoids add strength by providing stable particles of ap-
propriate size within the matrix to pin defects at temperatures higher than that which
other precipitates would dissolve, but these particles enable the retention of thermo-
mechanically introduced strengthening mechanisms, t0o.3° The yield strength of ODS
materials is associated with the stress required to move dislocations along slip planes
greater distances than the dispersoids are spaced apart.”® The oxide dispersoids add
strength to the material because they successfully pin grain boundaries and disloca-
tions during processing and performance.?’ Dislocation motion in ODS materials is
believed to be hindered by either direct interference from the dispersed particles or
from the lattice strain induced from the matrix accommodating the dispersoids.’® Re-
gardless, it is well understood that Orowan type strengthening (particle strengthening
through a dislocation bypass) is the dominant type of strengthening seen in the ODS
samples. 26:52-54:81,82

ODS powders, like other PM materials, are typically made by mechanically alloying
the oxide particles with the metal, then compacting and/or extruding at high temper-

atures in order to consolidate the material.?6326%7 The resulting consolidated billets

exhibited some advantageous characteristics over comparable cast material, but tensile
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and rupture ductility, for example, were lower, and parts required additional processing
in order to achieve similar mechanical properties of traditional alloys.'%282%3! Another
issue identified when creating complex parts from ODS materials was that the uneven
distribution of cold work required to create the complex part shapes would result in
larger variations of strength, as compared to wrought materials which would be forged
into similarly complex shapes.3° It was eventually believed that ODS materials would
not be a cost-effective panacea over traditional cast or wrought materials, mainly due to
manufacturing difficulties and expenses. 303!

Precipitation strengthening, while similar to dispersion strengthening, does not in-
volve an extrinsic phase addition. Precipitates can strengthen materials also through
Orowan strengthening or Zenner pinning (pinning of grain boundaries)?>’, however the
extrinsic addition of the dispersion phase reduces diffusion-mediated evolution. Diffu-
sion strengthening also motivates the requirement for conventional powder manufac-
turing.

Oxide dispersion strengthened (ODS) Ni-based alloys and superalloys have been
studied as a viable material improvement over solid-solution strengthened Ni-based su-
peralloys. 192829 ODS and other precipitation strengthening mechanisms are most effec-
tive at high temperatures, while solid-solution strengthening remain effective at lower
temperatures.®>°® In numerous studies, for example, it has been shown that ODS Ni-
based superalloys did benefit from y’ precipitate strengthening at intermediate temper-
atures and dislocation pinning from the oxide dispersoids at high temperatures. Since
the oxides are not precipitated from the melt, they are stable at higher temperatures

where other precipitates (such as y’) would dissolve. 19,29,30,78,79
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As with Ni-based superalloys, ODS has shown promise in MPEAs. Many studies
have explored the benefits of ODS to increase the temperature capabilities of MPEAs.
For example, a study of FeCoNiCr strengthened by yttria found that not only were ODS
MPEAs feasible, but they can exhibit superior mechanical properties compared to non-
ODS HEAs.?% Another study investigated ODS CoCrFeMnNi and found that the oxides
enabled ultrafine microstructures and increased tensile strength in the material.?® One
other study found that the addition of Mn to CoCrFeNi during the LPBF process formed
oxides, and the resulting ODS material had high strength and intermediate ductility.*
These and similar studies attribute strength and smaller grain sizes to the oxide particles

ability to pin grain boundaries'”8

2.2 Powder Manufacturing: Mixing

Alloy powders are traditionally prepared by both mechanical (ball milling and regular
mixing) and non-mechanical (gas atomization, electrodeposition, agent-assisted depo-
sition) mixing method. %8¢ An additional powder preparation method, useful to create
homogeneous composite powders, is acoustic mixing.

Acoustic mixing has been used to make powder blends in the pharmaceutical com-
munity, often in combination with a liquid to create a slurry.3®87 Acoustic mixing has
been used in the materials science community, as well, both with and without the aid of
alubricant, 17:86:88-90

Acoustic mixing’s use in powder processing of composite powders relies on electro-
static forces and cohesion between the particles and has been used in numerous stud-
ies.8991 Han et al.%?, used a high speed mixing technique, similar to acoustic mixing, to

make a composite powder of 1 wt% TiC and Hastelloy X superalloy. They found that the
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mixing technique resulted in an even distribution of the TiC particles on the surface of

the metal particles. Mizes et al. %3

, specifically explain how the Derjaguin approximation
is used to estimate the force of Van der Waals and electrostatic attraction between par-
ticles. A basic description of this is that as the shape of the contact between particles
gets sharper, the adhesion decreases. Soulier et al.86 used various mixing techniques,
including acoustic, to coat (roughly 35 pm) aluminum powder with (roughly 35 nm)
satellite particles of SiC. They found that acoustic mixing lead to complete electrostatic
adhesion of the nanosized guest particles and the Al host particles and that the forces
in the acoustic mixing process helped reduce agglomeration of guest particles on the
surface, as compared to the other mixing methods.

Regardless of how the powder is produced, powder consolidation issues still hinder

the process.

2.3 Additive Manufacturing

In tandem with transitions in the design of nickel-base superalloys for high-temperature
applications to make industries reliant on the powder metallurgy method, there has
been the emergence of additive manufacturing which has the potential to solve chal-
lenges associated with manufacturing complex shapes from powder metallurgy com-
positions. Industrial and research interest in AM has boomed in the past couple of
decades.3>364168 AM offers several key cost and manufacturing benefits, while allow-
ing for parts with superior characteristics to cast and forged parts, creation of complex-
shaped parts, and less material waste.3>%4

The first metal AM machines were built in the 1980s, and the PBF (Powder Bed Fu-

sion) method was soon after developed.95 Laser PBF (LPBE also called Selective Laser
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Laser

>))

Retractable Build Platform

Figure 2.1. Schematic showing the powder bed fusion additive manu-
facturing process. Powder, stored in the hopper, is spread over the re-
tractable build plate, a laser melts the powder in a specific pattern, the
powder bed is lowered, and the process repeats.

Melting —-SLM) AM systems are one of the more predominant techniques for fabricating
AM metal parts.3>36 In general, LPBF AM involves a feedstock powder that gets spread
over a retractable build plate; the laser shines on the powder bed in a specific pattern,
predetermined by the input drawing, and melts the metal powder; then the build plate
lowers a small amount, more powder is spread over it, and the process repeats.>% A
general layout of a LPBF AM setup is shown in Figure 2.1.

AM components are susceptible to numerous defects which must be accounted for

during the processing and post-processing stages. Due to their thermal history—cyclic

melting, solidification and directional heat extraction-it is understood that anisotropy
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and defects are introduced in the microstructure of AM parts, which are then translated
to anisotropic mechanical properties, often related to the build direction.3>*! Some of
the other inherent defects that must be overcome in AM include lack of fusion, poros-
ity, complex residual stresses, cracking, and high surface roughness. 368997 Keyholing
defects can form under AM conditions of overly high laser power and low scan speeds,
while lack of fusion defects form when too high scan speeds are coupled with low laser
power, 98101

It is important to consider the AM parameters’ impact on these defects. A common
practice when investigating different parameters in the AM process is to build and mea-
sure some sort of multi-feature block.!"4%102-106 A modified version of Gao blocks is
used in this study. The Gao blocks are roughly 1 cm® parameter build blocks with slanted
bottom sides, a rounded surface, and notches, all of which are designed to be measured
and correlate to the AM conditions. Gao and colleagues intended their Gao block to
serve as a quick evaluation tool that would readily show differences in the manufac-

turing processes used.!%” A diagram showing different views of the modified Gao block

shape and features is in Figure 2.2.

2.3.1 AM for High-Temperature Materials

A wide variety of studies have successfully utilized additive manufacturing Ni-based su-

835,36,104 5 36,104 51,97
)

peralloys, especially Inconel 71 and Inconel 62 along with others,
and they all essentially agree that complex heat treatments are necessary to incite the
precipitation of gamma prime phases of appropriate size and volume percentage. Ni-
based superalloys with high y’ fraction are termed as non-weldable, as they are sub-
ject to strain-induced cracking and require complex thermomechanical processing to

get a desired microstructure, 434451,61.97.108,109 The formation of parts with high residual
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Figure 2.2. 3D render of the multi-feature block used in this study, similar
to the Gao block. Two views of the same block CAD model are shown to
reveal all features.

stresses, which require complicated thermal processing to reduce, is a common com-
ponent of the AM process, which makes it difficult to AM Ni-base superalloys.®! These
leads to the desire to decrease the process design complexity to study ODS processing
without the y’ kinetics by starting with a single-phase base alloy.

A number of studies have evaluated single-phase base alloys like MPEAs built by
AM, 89:94102,110-113 Wane et al., showed that a gas-atomized HEA powder was success-
fully built via electron-beam AM into a 99.4% dense sample. %2 A handful of studies have
produced HEAs via SLM and shown that these materials have superior mechanical prop-
erties compared to cast HEAs, likely attributed to the small grain size achieved through
the high cooling rates of the SLM process.?®!1? Brif and colleagues evaluated the me-
chanical properties of SLM AM FeCoCrNi, and, like many others,26:94102.110-112 heljeved
that the engineering benefits of HEA materials far outweighed the inherent complexity
of manufacturing them and they concluded overall that MPEAs produced by AM were

shown to have increased yield strength compared to MPEAs made by traditional melting
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and casting methods, credited to the fine grain microstructure achievable through the
fast cooling rates in PBE 5°

The conventional materials for high-temperature applications have historically been
nickel-base superalloys, but MPEAs are a less complex material alternative. Oxide dis-
persion strengthening can further increase the temperature capabilities of a material,
too. Producing ODS by conventional PM techniques, however, has proven difficult and
costly. The conventional mixing process of mechanical alloying present a problem due
to it altering the original shape of the powders. Acoustic resonance mixing was chosen
for this project both because it does not induce mechanical deformation (like mechan-
ically alloying does), nor does it rely on chemical reactions, and it is a novel material
processing technique of interest to NASA.1”8% Conventional PM and ODS material con-

solidation technologies are also problematic, but AM provides a solution to that.

2.4 Statistics

One final piece of the puzzle is how to deal with the high number of variables that im-
pact the design of additive manufacturing processing routes. As many as 50 to 100
different variables of influence have been identified for the LPBF AM process. As the
amount of AM data and processing-microstructure-property insights are generated, the
use of statistics and modeling is critical to AM technologies being fully integrated into
the production.>19>114115 Statistical evaluations allow for data validation, and develop-
ment of consistent data models and repositories based on pedigreed, validated data and
databases makes it possible for future studies to utilize the data and findings from past

studies.
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One resource for details of statistical and modeling study setup is the Engineer-
ing Statistics Handbook put out by the National Institute of Standards and Technol-
ogy (NIST). The NIST e-handbook outlines statistical methods for designing an experi-
ment, which can be used to determine the experimental flow. “® The handbook discusses
different generic categories for experimental design, including comparative, screening,
response surface, and regression modeling designs. Comparative experiments are de-
signed to investigate the effect of changing one primary variable, without considering
the influence of the other variables. Screening designs are used to identify the most im-
portant factors or effects and assess linear relationships but can suggest that curvature is
present, which can then be confirmed by a response surface experiment. *®116 Response
surface experiments are designed to find an extremum of a response of an interaction
between factors.*® This method is used to improve or optimize the settings for a process.
Regression models such as full- and fractional-factorial designs involve testing all or an

efficient selection of parameters in the experimental space. 43116

2.5 Conclusions

The tandem development of the better-performing Ni-based superalloys to rely on com-
plex alloying additions that now hinder both conventional powder manufacturing and
the emergence of additive manufacturing to solve long-standing issues of manufac-

turing PM alloys with ever-increasing component geometries motivates the resurgence
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of ODS alloy development to alleviate the limitations of relying on intrinsic strength-
ening mechanisms in simpler MPEA compositions. The major manufacturing chal-
lenge for these combined technologies (MPEA+ODS+AM) is the reliance on conven-
tional mechanical alloying to mix the intrinsic MPEA matrix material with the ODS pow-
ders. Therefore, this work started with the hypothesis that acoustic mixing could effec-
tively eliminate this manufacturing challenge. Very early in the program, it proved a
valid hypothesis and the work translated to relying on statistical designs of experiments
aimed to gain insight into the following questions:
o What are the quantitative effects of mixing parameters on the oxide coating on
acoustically mixed ODS NiCoCr powder?
o What are the quantitative impacts of the AM parameters on the grain size, oxide
distribution, and porosity of printed ODS NiCoCr material?
e What are the linkages between the powder and bulk processing parameters,
powder properties and microstructure, and the resulting printed material prop-

erties and microstructure?
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3 Acoustic Mixing of Oxide Disper-
sion Strengthened LPBF Feedstock

3.1 Introduction

Oxide dispersion strengthening (ODS) was a revolutionary idea that, during the 1960s-
80s, was thought to be applicable to any metal alloy system in order to increase it’s tem-
perature capabilities. The prevailing thought was that adding approximately half to one
weight percent of an oxide (like thoria or yttria) could increase microstructural stabil-
ity at temperatures above 55%-70% of the melting temperature of the pure metal alloy.
Not only do the oxide dispersoids add strength by providing stable particles of appro-
priate size within the matrix to pin defects at temperatures higher than which other
precipitates would dissolve, but these particles also enable the retention of thermo-
mechanically introduced strengthening mechanisms.3? At the time, this seemed like
a panacea for solving many of the high-temperature material needs of the aerospace
industry, but ODS materials were difficult and costly to manufacture with the current

available technologies.



Acoustic Mixing of Oxide Dispersion Strengthened LPBF Feedstock 27

Conventionally, ODS alloys were manufactured by first mechanically alloying pow-
der then subsequently solid-state consolidating the powder into bulk products. Me-
chanical alloys relies on high-energy interaction between powders to be mixed and mix-
ing media (often stainless steel balls) to plastically deform the powders, essentially cold
welding them together. involves. The repeated welding and fracturing of the powders
typically results in coarse, non-spherical powder. 117 Apart from altering the morphology
of the original powders, mechanical alloying can introduce contamination in the form
of either the a mixing additive or the grinding media.%>%%

After producing the ODS powder, it needed to be consolidated, but consolidation of
powders into complex shapes resulted in challenges in homogeneity. Like other powder
metallurgy materials, ODS materials were usually consolidated by compacting and/or

extruding at high temperatures.26326079 This

resulted in a need for complex post pro-
cessing and working in order to achieve the material properties of interest. These com-
plicated processes and uneven distribution of work made it difficult to produce complex-
shaped parts. Parts produced in this manner would yield too much variation in strength

as compared to wrought materials, which could be simply forged into complex shapes. *°

Because of these pitfalls, ODS technology was largely set aside.

A way to overcome these manufacturing challenges is with additive manufacturing
(AM). AM has been of interest to the industrial and research communities for the past
few decades. AM combines powder metallurgy with the ability to produce complex-
shaped metal components.3®1!® More on AM and its benefits can be found in Chapter
2, but needless to say, AM is an enabling technology of much interest to the scientific

community. The combination of ODS and AM technologies means that metal compo-

nents with superior high-temperature capabilities can be manufactured with complex
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part geometries and at a fraction of difficulty compared to when they were initially stud-
ied.36

AM feedstock powder is generally spherical and has a size distribution and rheology
that promote even packing behavior.3>4%119.120 In [ aser Powder Bed Fusion (LPBF) sys-
tems, the powder needs to be able to exit the hopper and be spread evenly across the
build plate. As flowability is one of the key metrics to the success of powder AM, a num-
ber of NIST!!® and ASTM standards, 1217123 and other research studies®>*%12 focus on
the evaluation and qualification of powder for AM.

AM feedstock powders are traditionally prepared by a process of melting, casting,
and gas atomization.*%8%192 This is because the alternative process of mechanical alloy-
ing can result in non-spherical, rough powder morphology, as well as material contam-
ination from the mechanical alloying media.?>%® Gas atomization, however, normally
results in spherical powders which are suitable for AM. %7

Composite powders for additive manufacturing, such as ODS powders, are tradition-
ally produced by both mechanical (ball milling, regular mixing) and non-mechanical
(conventional mixing and agent-assisted deposition) mixing methods.3¢4986 Studies in-
vestigating the characteristics of composite powders often showed a difference in pow-
der flowability owing to powder morphology and presence or lack of satellite particles.
One study which looked at the flowability and other characteristics of two powders,
one with and one without nano-sized satellite particles, found that the satellite parti-
cles contributed to increased particle interlocking and thus decreased flowability com-
pared to the powder without satellites.'?* An investigation of a composite powder (5
wt.% B4C with Ti-6Al-4V) produced by traditional mixing and ball milling by Fereiduni

et al., showed that the composite powders all had lower flowability than the original
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metal powder; this was linked to increased mechanical interlocking due to the surface-
attached guest powders and reduced contact surface area from increased roughness of
the composite powder particles. The reduced sphericity of the ball-milled powder also
contributed to decreased flowability of the composite powder.*? It has been concluded
by several studies that feedstock powder with a high density of satellite particles would
compromise flowability and make non-ideal composite powder feedstock. %192

The size ratios of the individual powders comprising the composite powder are im-
portant to consider. The size difference between the host and guest/satellite powders in
the Fereiduni et al. study was roughly 15:1 (15-45 um sized host particles with 1-3 um
guest particles), and the study found decreased flowability for all of the composite pow-
ders compared to the un-mixed host powder.*> A much higher size difference between
guest and host particles has been shown to actually increase flowability of the compos-
ite powders. In a study involving the flowability characteristics of cornstarch mixed with
various sizes of silica powders showed that the larger cornstarch powder when coated
with the nano-sized silica powder (size ratio ~750:1), had improved flowability com-
pared to both the cornstarch alone and the cornstarch mixed with larger silica powder
(size ratio ~30:1). The authors attributed this to the decrease in cohesive forces between
the cornstarch particles in the presence of nano-sized satellite particles due to the re-
duced surface contact. %!

Size ratios among powders in a composite material can be manipulated to produce
advantageous flowability. One study looked specifically at different methods of mix-
ing nano-sized particles with micron-scale host particles as a method of increasing the

flowability of the host material. Soulier and colleagues investigated a composite powder

consisting of aluminum host powder and silica guest powder with a size ratio of ~1000:1



Acoustic Mixing of Oxide Dispersion Strengthened LPBF Feedstock 30

combined with a drum mixer, high and low shear mixers, and acoustic mixer. They con-
cluded that each of the mixing methods resulted in powder with improved flowability
compared to the unmixed powder, and that acoustic and high-shear mixing were both
effective in breaking up silica agglomerates and resulted in a mixture that was stable
during spreading.® The powder used in the current study is a composite of NiCoCr host
powder with nano-sized yttria oxide powder (size ratio ~166:1), which is much closer to
the size ratio of the powders that had improved flowability from the guest particles, and
the ODS NiCoCr powder was mixed with acoustic mixing.

Acoustic mixing, which has primarily been used in the pharmaceutical and poly-
mer industries to combine powders, utilizes ultrasonic resonance vibrations to induce
complex mixing motions and quick homogenization of powder, and doesn'’t require the
assistance of a lubricant or liquid medium. 343987 Acoustic mixing has also been utilized
in making metal composites. In the study looking at acoustic mixing of silica guest and
aluminum host particles, it was found that acoustic mixing resulted in a complete dis-
tribution and adhesion of the guest particles to the host particles and that the improved
composite powder flowability would be viable candidate for LPBF AM.%¢ Acoustic mix-
ing was used to combine larger iron powder with smaller NiZnCu-ferrite particles to
produce a uniformly mixed soft magnetic composite material with the small (~0.5 pm)
particles coating the larger (>75 um) powder.%® Another study used acoustic mixing to
produce uniformly distributed and dispersed coating of bi-metal nano-sized Al-based
alloy pairs to the surface of ammonium perchlorate to produce a core-shell structure.
Acoustic mixing has been proven to be an effective way to attain a homogeneous distri-
bution of mixed components, something that is of crucial importance to ODS materials

for achieving the full strengthening potential within the matrix. 4
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Regardless of how they are combined, the high creep and yield strength of ODS ma-
terials is based on a homogeneous distribution of the nano-scale oxide.”® The distribu-
tion of oxide is set during the powder mixing and can be modified during the additive
manufacturing by localized melting. Therefore, it is essential to quantify and analyze
the oxide nanoparticles at these stages.

There are a number of ways to quantify the dispersed secondary phase/particles
within a metal matrix, from electron to X-ray based methods. The ability to characterize
the chemistry and morphology of which depends on a number of factors including tech-
nique resolution, signal overlap, and ease. The most ubiquitous ways to assess particles
is by SEM imaging and subsequent qualitative interpretation of the micrographs. Image
analysis techniques can be applied to the micrographs, but this usually involves lengthy
and complicated analyses.

For initial quantitative analyses, various electron based techniques such as Wave-
length Dispersive Spectroscopy (WDS), Energy Dispersive Spectroscopy (EDS), and Elec-
tron Backscatter Diffraction (EBSD) can be employed. These methods require relatively
minimal sample preparation, and the data are quick to collect. Because relatively high
voltages—e.g. >5kV-are required to evoke the proper signal (characteristic X-ray exci-
tation for EDS and WDS and dynamical diffraction for EBSD ), the interaction volume
of the electron beam with the sample will be too large-e.g. >500nm-to quantitatively
identify nanoscale particles. Likewise, the ability to resolve the characteristic chemi-
cal signal overlaps dictate the chemical resolution of these techniques. '2° Transmission
Electron Microscopy (TEM) is well known to provide the highest resolution analysis and

can measure a sufficiently small area to capture nano-scale features, but lengthy sample
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preparation is required, which does not practically allow for analysis of enough samples
for statistical significance.

Other methods including X-ray Photoemission Spectroscopy (XPS) and Auger Elec-
tron Spectroscopy (AES) also collect data with a sufficiently small interaction to analyze
nanoscale particles. These methods were not selected, however, due to potential peak
overlap issues and sampling statistics. Photoelectron energy similarities and Auger peak
energy overlaps (primarily from the transition elements: Co peaks range from 658-792
eV and Ni peaks range from 677 to 867 eV) make these techniques nonviable or at least
challenging for this dissertation. 26127 Also, considering the detection limit of XPS and
the dispersed oxides which were of interest, it was suggested that a method with higher
sampling statistics was used.

The Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) method provides
the most advantages relative to the other techniques, in regards to this project’s re-
straints. TOF-SIMS has sufficiently high resolution to analyze nano-scale surface parti-
cles, is a fairly quick analysis requiring minimal sample prep, and because the technique
measures ion masses of the sample, there are no peak overlaps to contend with. 28 TOF-
SIMS is a semi-quantitative method, but this is not enough of a negative to deter from its
use for this project. These techniques and their pros and cons are summarized in Table

3.1.
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Technique

Pro

Con

EDS, WDS, EBSD

*Simple sample prep

*Quick analysis

eLarge interaction volume

SEM Micrographs

+ image analysis

*Simple sample prep

*Can resolve particles

*Complicated analysis

*No peak overlaps
*Quick analysis

*Simple sample prep

XPS, Auger eSurface Sensitive *Peak overlaps

*Detection limit
TEM *Pinnacle of resolution | *Extensive sample prep

*Not viable for many samples
TOF-SIMS eSurface sensitive *Semi-quantitative

Table 3.1. Various techniques to quantify nanoparticles and their pros
and cons for assessing the distribution of yttria nanoparticles dispersed
in a NiCoCr matrix.
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The objective of this study was to understand the sensitivity that acoustic mixing

has to creating powder with a uniform oxide distribution. The literature on composite

powder mixing indicates that acoustic mixing should be a suitable option for mixing

ODS + MPEA powder with a size ratio greater than 50:1. In order to investigate this, SEM

direct imaging and TOF-SIMs were selected as complementary techniques.
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3.2 Experimental Methods

The analysis of the mixing parameters’ effect on the oxide distribution on the the powder
was done in two phases. The initial phases of experiments were designed to qualitatively
evaluate the impact of two powder processing inputs (mixing condition A-E and mixing
time 0-4t) on the effectiveness of coating NiCoCr powder particles with yttria. The goal
was to screen the variable field an down-select mixing parameters to use in the next
phase of experiments. After defining the design space and qualifying the effect of the
mixing parameters on the ODS powder, the next aim was to quantify the effect of the
mixing parameters on the powder. This was done in the second phase of experiments,
which involved semi-quantitative surface chemical analysis by Time of Flight Secondary
Ion Mass Spectrometry (TOF-SIMS) to provide semi-quantitative information about the
yttria dispersion in the powder and bulk materials. The objective of the experimental
approach was to model the impact of mixing parameters on the distribution of oxide
around metal powder both qualitatively and semi-quantitatively.

NASA’s concern for intellectual property sensitivity for this project mandated the
normalization of processing variables. For this dissertation, the mixing parameters (mix-
ing time and mixing condition) are normalized. Mixing time is given in increments of t,

and mixing condition is presented in sequential increases from A to E.

3.2.1 Acoustic Mixing

The metal powder (size 10-45 micron range) was an equiatomic mixture of Ni, Co, and

Cr, plus slight additions of Re and B, received from Praxair Surface Technologies. The
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powder size range was verified by conducting six measurements of the particle size dis-
tribution, as described in Appendix A Section 2. The oxide powder was nominally 100-
200 nm sized Y»0O3 powder from American Elements. The metal powder (NiCoCr) was
combined with 1.0 weight percent of the oxide (Y,O3) powder, as supported by previous
ODS studies?? 7 and then the two powders were mixed in a resonance mixer (Reso-
dyn?7) to produce the ODS MPEA powder.

Powders were mixed in either metal (holding ~950 g of powder) or plastic (hold-
ing ~250 g of powder) containers. Resodyn claims that their resonant mixing process
and equipment are all scalable, so the size of the container was of negligible impor-
tance; weight percent of oxide powder and total container fullness are more impor-
tant.3” Weight ratio of metal to ODS powder and container fill percentage were held
constant at 99:1 and 85% respectively. Powder was weighed on a standard lab scale with
resolution of 0.001 g, and all powder handling was conducted in a fume hood.

The containers of powder were mixed acoustically at NASA Glenn Research Center
in a Resodyn LabRAM II mixer (flow dynamics described in Coguill et al. %) Various mix-
ing times (0.5t to 4t) and various mixing conditions (A, B, C, D, and E) were used. Figure
3.1 shows images of the powders after various mixing times. The jars were clamped into
the mixing fixture and the mixing time and condition were adjusted for each batch. In
order to avoid the mixing containers overheating, the samples were mixed for 1t minute
increments with at least 2t minutes of cooling time in between. Early experiments us-
ing mixing conditions D and E resulted in the plastic jars losing structural integrity and
bowing (as seen in Figure 3.2). All subsequent mixing experiments were conducted in

metal containers.
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Figure 3.1. Images of the mixed powder in the mixing containers after (a)
0.5t time, (b) t time, (c) 1.5t time, and (d) 4t time. After 1.5t time, the ap-
pearance of the mixed powder does not change significantly. The NiCoCr
metal powder is gray and the yttria powder is white.

Figure 3.2. The jar on the right is bowed as a result of overheating. On the
left is a new jar for comparison. The yellow lines highlight the difference.

After the successful completion of each mixing parameter set, roughly 10 grams
of powder (~5 ml) was removed from each mixing container and placed into individ-
ual small glass jars for analysis. Figure 3.3 shows the mixing parameter combinations
evaluated in this chapter. Opening the containers posed a risk of exposing the powder
samples to ambient humidity, which was anecdotally believed to decrease the powder’s
flowability, but because these samples were not designated for use on the 3D printer,

flowability was not of concern.
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Mixing Condition
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Figure 3.3. This is the DOE matrix for the TOF-SIMS semi-quantitative
surface chemical analysis, showing the 17 mixing parameter combina-
tions used for powder analysis.

3.2.2 TOF-SIMS

Small amounts of each mixed powder sample were spread across carbon tape on a sam-
ple holder and evaluated. A Physical Electronics nanoTOF TRIFT V (at CWRU), using
a Primary Liquid Metal Ion Gun (LMIG) with 69Ga+ at 30 kV and 1 nA (DC) was used
for analysis. Raster sizes of 400 um x 400 um were used to collect the data, which meant
that the data represented an average from an area that consisted of more than 150 coated
powder particles. The analysis used the bunched, positive data acquisition mode, and

the samples were charge compensated with both electron and ion neutralization. The
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TOF-SIMS results for yttrium were then normalized by dividing the area under the yt-
trium peak by the integral of the whole spectrum, and then standardized by dividing the
normalized counts for the yttrium peak by the normalized counts for the Co peak in that
spectrum. These conversions allow for the comparison of TOF-SIMS results among mul-
tiple samples and spectra. The ratio of yttrium to cobalt for the design space explored
in this study was not large enough for that normalization method to induce significant

variation in the data as the amount of yttrium on the surface increased.

3.2.3 SEM and EDS

SEM samples of the loose powder were prepared by dispersing the ODS NiCoCr powder
onto a carbon tape circle mounted on a standard SEM pin stub. Loose particles were
removed from the stub using a can of compressed air. (This was done manually and
using the Malvern Panalytical Morphologi analyzer at NASA Glenn, which is described
in Appendix A Section 3.) Samples for SEM imaging and EDS analysis were mounted in
epoxy and polished to reveal a cross-section of powder particles. These samples were
platinum-coated to make them conductive for SEM analysis.

Metallographic polishing of the mounted NiCoCr + Y203 powder samples followed
the method developed in-house by the NASA Glenn Research Center metallography en-
gineer Joy Buehler for Ni-base superalloys. The polishing routine is shown in Table 3.2.
The polishing routine was followed by polishing on the vibratory polisher for about 24

hours with 0.5 ym colloidal silica suspension.
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Cloth | Grit (um) | Time | Lubricant | Force (N) | Rotation Speed (rpm)
Piano 220 40 sec water 150 300
Largo 9 10 min | pink lube 150 150
Largo 6 10 min | pink lube 150 150
Largo 3 10 min | pink lube 150 150
Nap 1 10 min | pink lube 150 150

Table 3.2. The polishing routine for mounted powder samples of Ni-base
superalloys, done at NASA Glenn. This routine was followed by a vibra-
tory polish with 0.5 ym colloidal silica suspension for 24 hours.

A TESCAN MAIA 3 (at NASA Glenn) and a ThermoFisher Apreo 2S (at CWRU) were
used to image powder samples. Ten images of the whole particles (roughly 1-3 individ-
ual powder particles in each image) were collected from each sample using secondary
electron imaging at 5 kV, 10-15 nA spot size, and working distance around 10 mm. At
least one individual powder particle from each sample was also imaged with backscatter
electrons under the same beam conditions. Five overview images were collected from
each sample with a 1000 um field of view to capture >100 particles. The polished, cross-
sectioned powder samples were imaged at 15 kV, 10-15 nA spot size, and working dis-
tance of 15 mm. These beam conditions achieved good energy dispersive spectroscopy
(EDS) signal, which was used to collect chemical information on the samples. Five to
eight secondary electron images were collected of representative powder particles and

clusters of particles. Three EDS spectral images were collected for Co, Cr, Ni, and Y.
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3.3 Results

Figure 3.4 shows the results from the powder samples of the standardized and normal-
ized yttrium (i.e. Y/Co) results plotted within the mixing parameter space. The mixing
time is on the bottom axis, and the mixing condition is represented by the shape/color of
the points. Figure 3.5 presents the TOF-SIMS results as a heat-map type figure overlaid

on the mixing parameter matrix.
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Figure 3.4. Normalized TOF-SIMS results of yttria (Y/Co), within the mix-
ing parameter space.
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Figure 3.5. This is the TOF-SIMS results of yttria, within the mixing pa-
rameter space defined by the mixing parameter matrix, showing the 17
mixing parameter combinations used for powder analysis. The boxes are
colored by a hue scale, with darkest hue representing the lowest amounts
of yttrium and lightest hue representing the highest amounts of yttrium.

In order to prove that the TOF-SIMS results were valid, they were compared with
SEM micrographs of various mixed powders. Figure 3.6 shows, for three representative
samples, the mixing parameters, a backscatter electron (BSE) image of an individual
powder particle post-mixing, a 15x15 um area, and the TOF-SIMS results. The amount
of oxide coating seen on each of the samples reflects the amount of yttrium detected by
TOF-SIMS, proving that this method is accurate for analyzing the oxide coverage after

the mixing process.
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Mix Whole Particle Yttnum
Equal Area Image | (Y normalized/
Parameters Image .
Co normalized)
E, 2t 16.89
D, 2t 6.48
Gt 3.25

Figure 3.6. Comparison of TOF-SIMS results from the powder samples
(from Figure 3.4)and representative SEM images (BSE) from powders
mixed with the same parameters. The visually obvious higher and
lower amounts of oxide on the metal powder surfaces correspond to the
amount of yttrium calculated via TOF-SIMS analysis.

3.4 Discussion

Prior to the TOF-SIMS analysis, an initial screening exercise to qualitatively character-

ize the oxide coating was conducted by visual inspection of SEM images of nine powder
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samples. Figure 3.7 shows comparative images from mixed ODS NiCoCr and non-mixed
NiCoCr to show the effect of the oxide powder on the surface of the metal power. Oxide
coating was evaluated on coverage (referring to the amount of surface coverage on the
metal powder particles in the field of view, <25%, <50%, 50-75%, or >75%), consistency
(how uniform the oxide coating was from all particles in the field of view, yes or no), and
thickness (how thick the oxide coating appeared and whether it was clumpy, patchy, or
dusted on the surface of the metal particles). Low mixing time and condition combine
for inconsistent, clumpy coverage (Figure 3.8 a and c), while higher mixing time and
condition yielded a more even oxide coating lacking clumps (Figure 3.8 b and d). The
qualitative classification results, presented in Table 3.3 and illustrated in Figure 3.9, in-
dicate that more mixing time at a higher mixing condition result in a more consistent,

even, full coverage of the powder.

Figure 3.7. Comparison of secondary electron SEM images of uncoated
(a) NiCoCr and ODS NiCoCr with a thin coating (b) and thicker coating
(c) of the oxide powder, relating to no mixing, low mixing time and con-
dition, and higher mixing time and condition, respectively. The uncoated
powder image is supplied from Dr. Tim Smith.
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Figure 3.8. Comparison of good and poor ODS coatings. (a) shows a sec-
ondary electron image of a sample with inconsistent coverage on less
than 25 percent of the surface, while (b) shows a secondary electron im-
age of a sample with fairly consistent, greater than 75 percent coating sur-
face coverage. (c) shows the EDS spectral image of yttrium for a sample
with inconsistent coverage with many patches and clumps, and (d) show
an EDS spectral image of yttrium with consistent coverage on all particles.
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Mixing | Mixing Coverage | Consistency | Thickness

Time | Condition | (%)

1t A <25 not dusting and some clumps

1t B >50 not patches on most particles

1t C 75 fairly patches and clumps on every
particle

1t D >50 fairly patches and clumps on every
particle

2t A >25 not dusting, many patches

2t B 50 fairly patches on every particle

2t C >75 fairly patches on every particle

4t A >50 not dust and clumps on every par-
ticle

4t B >50 fairly some patches and dust on
most particles

Table 3.3. Classification results from qualitative analysis of SEM and EDS

image data.
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Figure 3.9. This is the DOE matrix for the qualitative analysis, showing
the 9 mixing parameter combinations used for powder analysis. The
darkest hue boxes represent poor mixes, the lightest hue represents the
best mix, and the hues in between represent fair mixes based on the qual-
itative classification results.

The findings suggested a trend in mixing parameters that higher mixing time com-
bined with higher mixing condition resulted in a better (more surface coverage, consis-
tency, and even thickness) coating. This local maxima was not confirmed by these ex-
periments, however. These samples were mixed in the plastic containers, which meant
that the structural integrity of the containers limited the design space of the mixing ex-
periments. Likewise, the qualitative nature of the classification model prompted a more

quantitative model to more fully understand the oxide surface coating.
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Not only can the ODS feedstock powder be characterized by TOF-SIMS, but TOF-
SIMS results can also be used to aid in design optimization. Isolating the time compo-
nent (Figure 3.4) revealed a humped trend in mixing times and which time resulted in
the most yttrium. When looking across the different mixing times for each mix condi-
tion, the time "2t" was at the peak. This is most obvious for mix condition E and C. Both
of these samples show an upward trend in yttrium up to 2t time and then a downward
trend after 2t mixing time. It is believed that the yttrium is being built up on the sur-
face as the mixing time increases, but after a certain point (past 2t time), the increased
mixing knocks off the yttria particles. Therefore, the TOF-SIMS results indicate that 2t
of mixing time results in the most yttrium on the surface of the metal powder particles.
In a similar manner, if the mix condition is isolated (Figure 3.4), it can be seen that the
highest mix condition (E) results in the most yttrium detected. Across the various mixing
times, more yttrium was detected on samples prepared with mixing condition E. These
results combine to show that TOF-SIMS results can be used in the process optimization

for mixing the feedstock powder.

3.5 Conclusions

Various mixing parameter combinations were used to process ODS feedstock powder
for LPBF AM. The resulting mixed powders were evaluated by TOF-SIMS and the semi-
quantitative yttrium result were compared. The results and comparison with SEM mi-
crographs of the mixed powders show that TOF-SIMS can be used to accurately assess
the oxide coating on these feedstock material, and can be used for design optimization
(i.e. identifying which mix parameters result in higher amounts of yttrium on the sur-

face).
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TOEF-SIMS proves to be an efficient and accurate method for evaluating the surface
chemistry of any composite powder. This surface-sensitive analysis technique involves
simple sample preparation and relatively quick evaluation time, and can be applied to a
spread of powder samples to comparatively understand the surface chemistry. Not only
is TOF-SIMS a new way to characterize the pre-printed, mixed ODS NiCoCr feedstock

powder, but it is an applicable method to characterize other composite powder systems,

as well.
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4 AM Parameters’ Effect on Printed
ODS NiCoCr

4.1 Infroduction

Additive manufacturing has been used for the past few decades as a way to manufac-
ture complex-shaped metal parts for a number of industries including the aerospace
industry. One of the common aerospace materials that has been the focus of years of
research as an AM material are nickel-base superalloys. Ni-based superalloys have been
engineered to maintain note worthy mechanical properties at temperatures around 900-
1100 °C.'333 They contain a variety of elements to enable y’ precipitation strengthening
and oxidation and corrosion resistance, which combine to give these alloys notably sta-
ble properties up to 1000 °C, or around 60% of their melting temperature. 183351
However, Ni-base superalloys require very precise heating and processing to form
the phases necessary to precipitation strengthening in Ni-superalloys, in their volume
fraction and size.3® Precipitation hardened Ni-base superalloys are highly susceptible

to cracking during processes involving complex thermal histories such as welding or

additive manufacturing.*>** Some Ni-base superalloys are sometimes categorized as
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non-weldable due to strain-age cracking from high gamma prime fraction.>>1% Multi-
principle Element Alloys (MPEAs), which have a much less complex chemistry, provide
a good solution to many of these issues.

MPEAs have been the focus of numerous research projects over the past couple of
decades. These materials have 3-5 (generally less than 10) elements that combine with
high configurational entropy and solid solution phases.’® MPEAs have been additively
manufactured and have proven successful in many research studies. Almost all of the
issues with additively manufacturing MPEAs relate to the AM process and not to any
complex chemical interactions within the material. 59102110

Oxide dispersion strengthening (ODS) has been applied to both MPEAs and Ni-based
superalloys to increase the operating temperature of the materials. In the 1960s, when
ODS alloys were first becoming a major research interest, it was thought that ODS could
be applied to any alloy to increase its operating temperature. One of the major draw-
backs of ODS materials, which largely contributed to them falling out of research in-
terest was that they were difficult and expensive to manufacture. Another issue identi-
fied through past attempts at creating complex parts from ODS materials was that the
uneven distribution of cold work required to create the complex shapes of these parts
would result in too much variation of strength. 3 Additive manufacturing (AM) provides
a manufacturing method that overcomes these challenges and allows for ODS material
to be printed into complex shapes more easily.

The AM parameters used in laser powder bed fusion (LPBF) have been known to
impact the microstructure and physical properties of AM components, and many stud-

ies have investigated which parameters are most important. In one study, for example,
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which looked at the influence of the LPBF parameters on steel samples, the authors con-
cluded that the combination of laser power and scan speed had the largest impact on
the microstructure of the LPBF parts compared to the other parameters investigated.
They also concluded that LPBF steel samples had higher UTS and yield strength than
traditionally manufactured samples.*! Another study looking at a LPBF titanium alloy
investigated how the hatch spacing, layer thickness, scan speed, and laser power influ-
enced the porosity of the sample. They determined, based on a Pareto chart, that the
combination of scan speed and hatch spacing had the highest impact on the relative
density (porosity) of the samples. They also found that HIP and aging could be com-
bined to produce a fully dense part.*? A study of the processing parameters’ impact on
an AM Ni-based superalloy looked at the material porosity and the microstructure of
the printed parts. They used EBSD to analyze the grain structure, taking note of areas
of many random crystal orientations, indicative of melting and resolidification.*? Like

many others*>4>118

, these studies determined that the combination of AM parameters,
which influenced the energy density going into the part, influenced the sample porosity
and number of grains.

When built with the correct balance of parameters, numerous studies have discussed
that the mechanical properties of AM parts can match or exceed those of traditionally
manufactured parts.®§-3%3678 Many also discuss the importance of HIP or heat treat-
ments to close surface pores and have fully dense parts. With that in mind, Hosseini and
Popovich (2019) reviewed dozens of published AM Inconel 718 results and found that
fully dense LPBF produced Inconel 718 had on average a higher room temperature yield

strength than wrought, direct laser deposition, direct electron beam (wire) deposition,

or electron beam melting produced samples. They also showed that AM Inconel 718 had
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comparable, though slightly lower, yield strength than wrought Inconel 718 at 650 °C.%
Information is lacking on the full mechanical properties (fatigue, crack growth, creep,
etc.) of AM parts, but tension test data is one of the more commonly reported metrics. 36

The first objective of this study was to screen a set of samples printed with varying
laser power and scan speed combinations to determine the impact of the AM parame-
ters on the porosity of the LPBF samples. The screening experiments were also designed
to explore the effect of the laser power and scan speed on the microstructure of the LPBF
samples. After determining the idealized laser power and scan speed, the second objec-
tive of this study was to both understand how these processing parameters affect the ox-

ide distribution and to compare the tensile properties of the idealized material to similar

materials.

4.2 Experimental Methods

In order to achieve the first project objective-determining the impact of the AM parame-
ters' on the printed microstructure- porosity and density measurements were collected
on each of 36 samples, mixed with four parameter sets (representing good and bad ox-
ide coatings, as described in Chapter 3) and nine LPBF AM parameter sets. The 36 sam-
ples were also evaluated by electron backscatter diffraction (EBSD) to gain information
about their grain size distribution. The grain size and number data were modeled to re-

veal quantitative relationships between the laser power, scan speed, and grain metrics.

INASA’s concern for intellectual property sensitivity for this project necessitated the normalization of pro-
cessing variables. For this dissertation, the mixing parameters (mixing time and mixing condition) and
additive manufacturing parameters (laser power and scan speed) are normalized. Mixing time is given in
increments of t, and mixing condition is presented in sequential increases from A to E. Laser power and
scan speed are represented by three normalized values each: 1p, 1.3p, and 1.6p for laser power and 1ss,
1.2ss, and 1.4ss for scan speed.
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The results from both of these screening evaluations yielded idealized AM parameters
that produced dense parts.

The second project objective was then achieved through analysis of samples pro-
duced with the ideal AM parameters. Tensile samples were printed and tested at room
temperature and elevated temperature, and then compared to similar material yield
strength and ultimate tensile strength from literature. The oxide distribution of the ide-
alized printed samples was also analyzed by TOF-SIMS and image analysis of SEM mi-
crographs, from which conclusions about the pre-processing (mixing) of the ODS feed-

stock powder were made.

4.2.1 AM Screening Procedure: Acoustic Mixing

The LPBF feedstock powder was a mixture of yttrium oxide and equiatomic NiCoCr pow-
der. The oxide powder was 100-200 nm in size, nominally, and the metal powder was 10-
45 microns in size, nominally. The two powders were combined in metal containers for
mixing. Roughly 900 grams of NiCoCr (plus trace Re and B) powder was combined with
roughly 9 grams of yttria powder and mixed in the Resodyn LabRAM II mixer (described
in Coguill et al.3%) at NASA Glenn Research Center. The samples were sealed inside the
metal containers and mixed for various parameter pairs of time and mixing condition,
making sure that periodic mixing breaks were taken to prevent the containers and sam-
ples from overheating. The mixing parameters are summarized in Table 4.1. Additional
information on the mixing process and related evaluations can be found in Chapter 3.
Two ~910g samples were generated for each mixing parameter pair. After mixing,
the two containers of sample were combined into a larger metal container and rolled
to homogenize for 60-90 minutes at ~100 rpm to produce the larger volume of sample

required for additive manufacturing. Prior to printing, the mixed powder batches were
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Mix Set | Mixing Condition | Mixing Time
Set1 C 2t
Set 2 E 2t
Set 3 E t
Set 4 A 2t

Table 4.1. Summary table of the mixing conditions and time parameters
that define each mix set.

subjected to a number of evaluations and small samples are were set aside for imaging,
as explained below. After mixing and prior to AM, any large agglomerations of yttria

(similar to those seen in Figure 4.1) were sieved out with a 230 mesh screen.
4.2.2 AM Screening Procedure: Printing

Two sets of samples were printed for this dissertation: multi-feature blocks and bars.
The multi-feature blocks were used for all characterization except tension testing, which
was conducted on the bars (details in Section 4.2.7). The AM was done on NASA Glenn
Research Facility’s EOS M100 3D printer. The EOS M100 printer is a powder bed fusion
style printer, using a laser as it's energy source.'?Y A general schematic of the PBF-AM
process is shown in Figure 2.1 and explained in the Literature Review section (section
2.3). The multi-feature block printing layout for this dissertation produced 36 blocks in
a 3x3 grid of blocks with normalized print parameters detailed in Figure 4.2. The four
mixing condition sets (Table 4.1) produced 4 sets of feedstock powder and were each
printed following the nine same printing conditions (i.e., scan speed and laser power) to

produce the 36 samples. After printing, the blocks were cut off of the build plate.
4.2.3 AM Screening Procedure: Density Measurements

Density measurements were collected using the whole multi-feature blocks and follow-

ing the Archimedes’ density principle. At least three measurements were collected on
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Figure 4.1. Large yttria agglomerations, several indicated by the arrows.
For scale reference, the diameter of the white sample jar is nominally 2

inches.

each of the 36 multi-feature blocks (4 different mixing parameter sets of 9 blocks each,
representing 3 different laser powers and 3 different scan speeds). The setup and proce-
dure follows the diagram in Figure 4.3. The stand (G) is placed over a lab scale plate (F),
without touching it (E), and the beaker (B) is placed on the stand. The wire holder (A) is
hooked to the underside of the scale plate (F). The beaker is filled with enough liquid (C,
water, acetone, etc.) to fully submerge the lower sample holder (D). A thermometer is

also placed in the liquid to monitor its temperature. After noting the liquid temperature,
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Figure 4.2. Gao block layout on the build plate with normalized print pa-
rameters along the outside.

the sample is placed on the upper sample holder (A) and its weight is measured with the
scale. The sample is then placed on the submerged sample holder (D) and weighed. The
sample density (0sqmpie)can then be calculated following the formula:

Wary
Psample = Pliquid * ———_ (4.1)
Wary — Wwet

Where pj;4uiq is the density of the liquid put into the beaker, and is dependent on the
liquid temperature. !3° This is multiplied by the fraction of the dry weight over (dry mi-

nus wet weight) of the sample. Initially, deionized water was used in the experiments,
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but it proved to be too viscous; air bubbles stuck to the side of the blocks when sub-
merged into the DI water. Therefore, acetone was used instead; its lower surface tension
makes it an advantageous liquid for using the Archimedes method on rough samples. !3!

Three repetitious measurements were collected for each sample.

S

— Pl

Figure 4.3. Setup for collecting Archimedes’ density. The setup includes
the wire sample holder (dry holder: A and submerged holder: D, with
attaching points: E), beaker (B) for holding the liquid (C), laboratory scale
(F), and beaker stand (G).

4.2.4 AM Screening Procedure: Porosity Measurements

Porosity measurements were collected on the 36 samples by using halved multi-feature
blocks using optical imaging and image analysis. Prior to this, the samples were pre-

pared with standard metallographic techniques.
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Printed multi-feature block samples were cut in half using wire Electrical Discharge
Machining (EDM, by an outside vendor Arc Drilling Inc.). One side of each sample was
then polished to a mirror finish. Polishing was done with SiC grit papers ranging from
400 down to 800 grit size, followed by diamond suspensions, and a final vibratory polish
using colloidal silica. The method is similar to that for powder preparation, but slightly
different due to polishing media and supplies availability; Table 4.2 outlines the proce-
dure. The polisher at Case Western Reserve University (Allied Metprep 3) was set up us-
ing platen speed of 230 rpm, sample speed of 150 rpm, contra rotation, and single force.
The vibratory polishing was conducted for at CWRU 24 hours, on a Buehler VobroMet 2

vibratory polisher using colloidal silica.

Cloth / Grit (um) Time | Lubricant | Force (Ibs)
400 grit paper 3 min water 10
600 grit paper 10 min water 10
800 grit paper 5 min water 5
Nap with 6 pm diamond suspension | 5min | green lube 5
Nap with 3 um diamond suspension | 5 min | green lube 5
Nap with 1 ym diamond suspension | 5 min | green lube 5

Table 4.2. The polishing routine for printed samples of Ni-base superal-
loys, done at CWRU

Once polished, the samples were imaged using a Keyence VHX-5000 laser confocal
microscope (version 1.6.1.0, system version 1.04, at CWRU). After the initialization se-
quence completed and the optimum lighting conditions were selected, stitching was set
up. Because the samples were flat, 2D stitching was used; the boundaries of the image
collection were set up so that the entire surface was imaged at 200x.

Image analysis, using Image]J (version 1.53e), was completed using a macro (written
by David Scannapieco) that tabulated the dimensions and number of pores on the sam-

ple. The macro required a scale (determined by measuring the length of the scale bar
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on the image and calculating the pixels/micron ratio) and for the area of interest to be
outlined (using the polygon selection tool). Then the image was converted to an 8-bit
image and auto-thresholded to result in a white background with black spots as a mask
on top of any identified features on the image. The lighting conditions and fine polish
on the sample meant that these features were essentially only the pores on the sample.
The features were then analyzed and a table was compiled with pore count, area, major
and minor axis dimensions, roundness, and other metrics. Figure 4.4 shows an example

(Set 3, 1p, 1ss) before and after segmentation.

Figure 4.4. Sample from Set 3, built with 1p laser power and 1ss scan
speed. The left image (a) is the stitched micrograph of the polished sam-
ple cross-section. The right image (b) is the same micrograph after seg-
mentation.

4.2.5 Grain Size Distribution

Electron Backscatter Diffraction (EBSD) data were collected on CWRU’s ThermoFisher
Apreo 2§, using 20 kV and 15 nA. Polished samples were secured with carbon tape to
a SEM stub, which was placed in the 45° pre-tilted stub holder position on the stage.

The SEM was set into dynamic focus mode to accommodate the large tilt angle, the
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working distance was set to 15mm, and the stage was rotated by 25°. Now, with the
sample tilted a total of 70°, the EBSD detector was inserted. ThermoFisher’s Pathfinder
2.8 software was used for these analyses. After setting up the project folder, a quick
reference image was collected. The background image, required for proper calibration,
was collected for roughly 3 seconds and at a low magnification. The background image
was used if it did not show any diffraction bands and the pattern quality was over 60%
for various locations within the image. The only crystals detected for this project were
FCC (Face-centered cubic). The distance to the detector and the pattern center were
then calibrated, and a new background image was collected (again for about 3 seconds)
with the new camera settings. EBSD maps were collected at both 350x (~1350 ym x ~900
pm area) and 1000x (~450 pm x ~300 pum area)for each sample, with a 2.35 ym and 0.82
pm step size, respectively, and the maps were ’slightly’ enhanced by the software. Grain

boundaries were drawn where misorientation angles exceeded 5 degrees.

4.2.6 Models

Data for this project were collected and ingested into comma-separated variable (CSV)
files via the programming language R in order to enable efficient statistical analyses
and evaluation. R with Rstudio 32 made data organization easier and allowed for com-
parative screening analyses aided by statistical graphics. '33 Exploratory data analysis 3,
largely using the graphing tools within the ggplot2 library!34, were used to visualize and
explore data trends. Statistical methods (from the stats package '3°) such as t-tests, were

used in validating some of the conclusions seen in the graphical layout of the data.
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4.2.7 l|dedlized AM Mechanical Properties Comparison: Printing

The AM for the idealized mechanical properties comparison was done on NASA Glenn
Research Facility’s EOS M100 3D printer, as described in Section 4.2.2.12° The cylindrical
bar samples were nominally i inch (0.635 cm) diameter and 2.5 inches (6.35 cm) long.
They were printed with scan speed of 1ss and laser power of 1.3 p and mixed with mixing

condition Set 1 (Table 4.1).
4.2.8 ldealized AM Mechanical Properties Comparison: Oxide Distribution

Scanning Electron Microscopy (SEM) was used to view the oxide distribution on the
printed samples. A ThermoFisher Apreo 2S (at CWRU) was used to image the oxide dis-
tribution on the printed, cross-sectioned, polished samples. The in-column backscatter
detector was used with a working distance of about 10 mm, 20 or 30 kV of accelerating
voltage, and 1.6 nA of current to collect at least three images at 35,000 x magnification
of each sample (11.8 um width of view). Image analysis using a neural network (from
python code written by NASA Glenn engineer Josh Stuckner) was then applied to gener-
ate oxide distribution metrics. Roughly 150-300 particles were identified and measured
in each image. Figure 4.5 shows, as an example, a segment of a micrograph (Set 2, 1.6p,
1.2ss) before and after segmentation. The dark spots in the original micrograph are the
oxide particles. The mask is applied over the particles, and is shown in the segmented

micrograph.
4.2.9 ldealized AM Mechanical Properties Procedure: Yttrium Distribution

One sample from each mixing parameter set, with the same AM parameters (1.6p laser
power and 1ss scan speed) was evaluated by TOF-SIMS. Case Western Reserve Univer-

sity’s Physical Electronics nanoTOF TRIFT V was used for analysis. The Primary Liquid



AM Parameters’ Effect on Printed ODS NiCoCr 62

a b

Figure 4.5. Sample from Set 2, built with 1.6p laser power and 1.3ss scan
speed. The left image (a) is a segment of the SEM micrograph. The dark
spots are the oxide particles. The right image (b) is the same micrograph
after segmentation, with the mask applied on top of the oxide particles.

Metal Ion Gun was used in unbunched mode with 69Ga+ at 30 kV and 1 nA (DC). Prior
to collection, a Imm by 1mm area was sputtered using the argon source at 250 nA and 3
keV for two minutes, which removed roughly 10 nm of surface material. For analysis, ion
and electron neutralization were both used for charge compensation on the samples. A
50 ym by 50 um area was rastered over in three locations per sample. The TOF-SIMS
results were normalized by dividing the integral of the yttrium peak by the integral of
the entire spectrum, and then standardized by dividing the normalized yttrium counts

by the normalized cobalt counts.

4.2.10 Idealized AM Mechanical Properties Procedure: Tension Testing

The sample blanks for tension testing were printed as bars with laser power 1.3p and

scan speed 1ss using mixing parameter Set 1 (mixing condition C, time 2t). The samples
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were machined at Aero Prep LLC (Cincinnati, OH) into standard cylindrical style ten-
sile samples with threaded grips and a smooth gauge section (~2.5 inch (6.35 cm)long,
~0.25 inch (0.635 cm)diameter, and ~0.75 inch (1.9 cm) gauge length, generic design
shown in Figure 4.6). After machining the bar samples, four samples were sent to Met-
cut for evaluation. The test matrix is shown in Table 4.3. The tension tests followed
ASTM Standard E8' and E212 for room temperature and elevated temperature testing,
respectively. Tests were conducted at 70 and 2000 degrees Fahrenheit. Calculations were
made at 0.2% yield. The room temperature samples were tested at 0.5% per minute
(0.0085%/sec) strain rate (through yield, then at 5% per minute strain rate to failure)
and the high temperature samples were tested a strain rate of 0.049/min or 0.0008/sec
(based on crosshead speed of 0.04 in/min and initial gauge length of 0.81 inches). An
extensometer was used to measure elongation during the tests, but final elongation was
not measured to avoid damage to the fracture surfaces. Fracture surfaces, from each half

of the broken tensile samples, were imaged on a Tescan MAIA3 at 5 kV.

Figure 4.6. Schema of the design for ~2.5 inch (6.35 cm)long, ~0.25 inch
(0.635 cm) diameter cylindrical tensile samples having ;11 — 20 threaded
ends tapering down to a smooth, ~0.125 inch (0.317 cm) diameter gauge
section, which satisfy ASTM Standards E8'! and E21? for room tempera-
ture and elevated temperature tensile testing, respectively. The complete
engineering drawing is shown in Appendix B Figure B.5.
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Sample | RT1 | RT2 | ET1 | ET2
Temp (°F) | 70 | 71 | 2000 | 2000
Table 4.3. Test matrix for tension tests. Each of these samples was pre-
pared using mixing parameter Set 1 (mixing condition C, time 2t).

4.3 Results
4.3.1 AM Screening Results: Density and Porosity

The results of the Archimedes’ density measurements were plotted with error bars rep-
resenting the range of one standard deviation (Figure 4.7) and show relative consistency
between mixing sets but density variation most prominently between laser powers. The
results from the porosity calculations were plotted in the same way (Figure 4.8), and

show similar trends.
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Figure 4.7. Density of samples from each mix set (color), in a grid of AM

parameters. Each data point represents the average value, and error bars
show one standard deviation.
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Figure 4.8. Porosity of samples from each mix set (color), in a grid of AM

parameters. Each data point represents the average value, and error bars
show one standard deviation.

Density and porosity area related to each other by the following equation: 36

* 100
%porosity =100— Pmeasured (4.2)

Ptheoretical

Therefore, they can be plotted against each other. Figure 4.9 shows the porosity vs den-
sity measurements with AM parameters represented by color and shape. The linear fit of
the regression line (adjusted R? = 0.95) is largely attributed to having two distinct clumps

of data. Not all porosity measurements represented viable AM samples, however, so
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samples with porosity greater than 1% were removed, and the samples with <1% poros-
ity are plotted in Figure 4.10. All samples in Figure 4.10 from just three laser power, scan
speed combinations are entirely represented within this area: 1.3p, 1ss; 1.6pp, 1ss; and

1.6p, 1.2ss. These correspond with build locations 21, 31, and 32, respectively.
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Figure 4.9. Porosity plotted against density, with normalized scan speed
represented by color and normalized laser power represented by shape.
The linear regression line is shown in blue.
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Figure 4.10. Porosity (less than 1%) plotted against density, with normal-

ized scan speed represented by color and normalized laser power repre-
sented by shape.

4.3.2 AM Screening Results: Grain Size Distribution

The number of grains calculated from the Grain ID Maps (gathered from the 350x mag-
nification EBSD images, which showed more grains than the higher magnification im-
ages) is shown in Figure 4.11. The grain aspect ratios are shown in Figure 4.12. Edge
grains were excluded from these values. Figure 4.13 also shows a representative EBSD
map with elongated grain structures in the z-direction (build direction, oriented left to

right in this image). The grain aspect ratios, calculated from the same Grain ID Maps,
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Figure 4.11. Number of grains (edge grains excluded) from EBSD Grain
ID Maps, in a grid of AM parameters.
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Figure 4.12. Grain aspect ratios with error bars (edge grains excluded)
from EBSD Grain ID Maps, in a grid of AM parameters.
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Figure 4.13. An EBSD map from a representative sample (Set 3, laser
power 1.6p, scan speed 1.4ss (a.k.a. build location 33)), showing the elon-
gated grain structure parallel to the build direction (z-direction). The
build direction is up-and-down relative to the 3D printer axes, and left-
to-right in the orientation of the EBSD analyses.

4.3.3 Idealized AM Mechanical Properties: Microstructure and Oxide Dis-
tribution Results

The average number of yttria particles calculated from the oxide dispersion image anal-
ysis are shown in Figure 4.14. Figure 4.15 shows the number of yttria particles calculated
from the oxide dispersion image analysis plotted by AM parameters (grid layout) and
colored representing mix set. The number of yttria particles correlates with the precipi-
tate area fraction and average yttria particle spacing, which were also calculated by the
oxide distribution analysis, but not shown due to their similarity to the number of yttria

particles data.
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Figure 4.14. Distribution of the number of yttria particles detected from
the oxide image analysis in the bulk samples from each mixing condition
set, regardless of printing parameter.
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Figure 4.15. Distribution of the number of yttria particles detected from
the oxide image analysis in the bulk samples from each mixing condition
set, organized by printing parameters.

Figure 4.16 shows the results from the TOF-SIMS analysis of the printed samples.
The height of the boxplots represent the spread of data collected for each sample and
the heavy line in the middle of the boxes represents the mean value. The location of the

mean line within the boxes is indicative of the data skew.
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Figure 4.16. TOF-SIMS results of yttrium, from multiple locations in four
printed samples.

4.3.4 |dealized AM Mechanical Properties Results: Tension Testing

The results and conditions from each of the four tension tests are shown in Table 4.4. The
engineering and true stress-strain curves are shown in Appendix B Figures B.1 through
B.4. The secondary electron images from each half of the broken tension samples (ro-
tated to mirror-align the two halves) are shown in Figures 4.17 and 4.18. The room tem-

perature fracture surfaces show the cup-and-cone structure common to ductile fracture.
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The high temperature sample fracture surfaces had much less necking and show a flat-
ter fracture surface perpendicular to the load direction. Features similarly sized to the
weld pools can be seen on the surface, suggesting that "inter-weld pool" (as opposed
to intergranular) fracture occurred (close-up image in Figure 4.19), which was possibly

caused by lack of fusion between layers.

Sample RT1 RT2 ET1 ET2
Temperature (°F) 70 71 2000 | 2000
Temperature (°C) 21.1 21.7 |1093.3 |1093.3

Modulus (Msi) 29.3 28.8 4.1 4.2
Modulus (GPa) 202.0 | 198.6 | 28.3 29.0
Yield Stress (ksi) 87.0 86.6 13.2 12.8
Yield Stress (MPa) 599.7 | 597.3 90.7 88.5
UTS (ksi) 118.1 | 117.5 | 13.5 13.3
UTS (MPa) 813.9 | 810.1 | 93.4 92.0

% Reduction in Area 65 62 12 11
True Stress at failure (ksi) | 344.7 | 327.3 | 15.3 15.0
True Stress at failure (MPa) | 2376.9 | 2257.0 | 105.6 | 103.2

True Strain at failure 1.0 1.0 0.1 0.1

Table 4.4. Tension test results in both SI and metric units. Yield stress
is calculated at 0.2% of the yield. The sample names represent the two
room temperature (RT1 and RT2) and 2000 °F elevated temperature (ET1
and ET2) specimens.
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Figure 4.17. SEM secondary electron images showing both sides of the
broken room temperature tensile samples. RT1 = top (a,b), RT2 = bottom
(c,d). The images show the mirrored halves exhibiting the cup-and-cone
structures from ductile fracture and necking represented by the smaller
area of the fracture surface compared to the rest of the gauge section.
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Figure 4.18. SEM secondary electron images showing both sides of the
broken 2000 °F tensile samples. ET1 = top (a,b), ET2 = bottom (c,d). The
flatter fracture surface and lack of significant necking is indicative of a
brittle fracture.



AM Parameters’ Effect on Printed ODS NiCoCr 78

Figure 4.19. SEM secondary electron images showing a 0.5mm x 0.5mm
close-up of part of ET2, a 2000 °F tensile samples. Features which are
likely weld pools are visible (average width 0.055 mm), an example of
which is marked with the two-headed arrow.

4.4 Discussion

4.4.1 AM Screening Discussion

Archimedes’ density measurements are known to be accurate and a quicker way to at-
tain porosity data than image based techniques prepared with metallographic meth-
0ds. 50131136137 When multiple parameters are being tested (as in the case in this study,
with a 3x3 grid of AM parameters), collecting Archimedes’ density on all of the samples
can quickly resolve which samples have the lowest porosity.

The theoretical density of NiCoCr has been reported as 8.27-8.32 g/cm3, 138139 and
the theoretical density of Y»03 is 5.03 g/cm?® (Data retrieved from the Materials Project
for Y,03 (mp-2652) from database version v2022.10.28). For the exact chemistry of this
dissertation’s material (Ni 33.1wt%, Co 34.7wt%, Cr 30.5wt%, Re 1.5wt%), the density is

8.415 g/cm?, based on element density data from the National Institute of Standards


https://v2022.10.28
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and Technology. If we assume that the density of the ODS NiCoCr is the combination
of the density of NiCoCr plus the density of YoO3 multiplied by their respective volume
fractions taking into account the amount of pores in the sample, then the density of the
ODS NiCoCr sample (which is experimentally collected), the volume fraction of oxide

(denoted as Vf,y;qe), and the sample porosity (denoted as P) can be related:

pobpsNicocr) = (1 =P)[(1 =V foxide) p(Nicocr) + (V foxide) Ploxide)) + P(Pair))  (4.3)

Equation 4.3, when using values from this study, results in calculated densities as
shown in Table 4.5. The density of air used for the equation was 0.001225 g/cm?, ac-
cording to International Standard Atmosphere. The volume fraction of oxide values are
the average of the normalized yttrium (standardized with Co) amounts calculated from
the TOF-SIMS analysis (Section 4.3.3). While these do not represent the actual volume
fractions, these values are a relative representation. Regardless, the results show that for
the lowest amount of oxide, which had the lowest measured porosity, the density (both
calculated from the equation and measured) was highest. Also, sample with the high-
est measured porosity, which had the second highest amount of oxide, resulted in the

lowest calculated density.

Mix Set | Vf(oxide)* | Porosity | Calculated Density | Measured Density
1 0.0164 0.0211 8.1828 8.3178
2 0.0116 0.0252 8.1643 8.3171
3 0.0132 0.0368 8.0620 8.3176
4 0.0089 0.0195 8.2212 8.3191

Table 4.5. Measured density values following Equation 4.3 and using the
data from this study. (* the Vf(oxide) values are the average values of the
normalized amounts of yttrium calculated from the TOF-SIMS results on
the bulk samples.)
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If we instead assume that Vf, ;4. = 0.0164, based on having 1 wt% yttria, then we can

rewrite equation 4.3 as:

pobpsNicocr) = (1= P)[0.9836 * pvicocr) +0.01640oxide)] + P(0(air)) (4.4)

When the densities of the respective materials are added to equation 4.4 and plotted us-
ing the porosity values from this study, the result is shown in Figure 4.20. This confirms

that the data satisfies the upper boundary of the rule of mixtures.
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Figure 4.20. Porosity (less than 1 %) plotted against density, with nor-
malized AM parameters represented by color and shape. Plot axes are
switched from Figure 4.10 so porosity (i.e. volume fraction) is on the x-
axis. The upper boundary of the rule of mixtures, calculated from equa-
tion 4.4, is shown in the plot as well.

Regardless, even if theoretical densities are not applied to convert the Archimedes’
based density measurements to porosity, the density measurements are still a valid and

more economical way to screen processing parameters to achieve the lowest density
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samples. As a process validation method, it is not necessary to fully calculate the per-
centage of porosity for a material (from converting Archimedes’ density to porosity with

theoretical material density), simply to know which process results in the lowest poros-

ity.
4.4.2 Porosity and AM Parameter Relationship

The relationships between the porosity and the AM parameters was also explored. Poros-
ity was plotted against the normalized build parameters (top of Figure 4.21). It is worth
mentioning that the differences in the low porosity samples do not correlate with either
mixing condition or mixing time, and that the data points are plotted with slight jitter
to show each point. Typical zones for lack of fusion and keyholing defects (described in
the Literature Review chapter in section 2.3) are shown in relation to the build param-
eters, 190101140 4 the approximate location of the dissertation’s data are indicated on
that plot (bottom of Figure 4.21).

A multivariate linear model (with adjusted R?> =0.71) of the porosity against the laser

power and scan speed results in the following relationship:
porosity =—-12.615(laser power) +4.891(scanspeed) + 14.298 (4.5)

(Mixing time and mixing condition were modeled along with laser power and scan speed,
but the error on the correlations for the mixing parameters indicated a negligible con-
tribution, so these were left off of the final model.) When the model is plotted on the
same porosity vs build parameters plot, it can be used quantitatively to show various
thresholds of porosity. This is done in Figure 4.22. The white line sits at 1.0% porosity
(the intercepts are laser power = 1.42p and scan speed = 1.38ss). The space below the

white line shows the build parameters (within the constraints of this design space) that
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would result in samples with porosity less than 1%. The red-orange area represents the
region on the graph with 0.05% porosity or less. The experimentally measured porosities
are compared to the predicted porosity values (by the model) in Table 4.6. The residuals
plot (Figure 4.23) shows that the data would be better captured with a non-linear model,
but the linear model does accurately represent the lowest porosity samples in the lower

left corner of the AM design space.
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Figure 4.22. Porosity vs build parameter plot with the multivariate linear
model overlaid in color. The same color scales apply to the points (mea-
sured values) and the background (predicted) for porosity. The white
line represents porosity = 1%, with the space below the line representing
porosity <1.
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Laser | Scan | Porosity (%) | Porosity (%)

Power | Speed | Measured | Calculated | Residual
1p 1ss 8.47 (0.8) 6.57 1.90
1p 1.2ss | 8.54 (0.4) 7.55 0.99
1p 1.4ss | 9.32(0.5) 8.53 0.79
1.3p | 1ss 0.26 (0.2) 2.79 -2.53
1.3p 1.2ss | 1.4(0.5) 3.77 -2.36
1.3p l.4ss | 2.28 (1.7) 4.75 -2.46
1.6p | 1ss 0.26 (0.1) -1.00 1.25
1.6p | 1l.2ss | 0.12(0.1) -0.02 0.13
1.6p l.4ss | 3.25(1.6) 0.96 2.29

Table 4.6. Table of the porosity % values experimentally measured (aver-
aged across the four mixing conditions with standard deviation in paren-
theses) and porosity % values calculated from the multivariate linear
model equation.
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Figure 4.23. Residuals plot from the porosity vs processing parameters
model. The non-random nature of the residuals indicate that a non-linear
model would have fit better with the data.

4.4.3 Grain Size and Number Models

The models for grain size and number of grains also show that the grains are smaller
(Figure 4.24) and more numerous (Figure 4.25) in samples built with lower laser power
and higher scan speed. The equations for these models (with MC = mixing condition,

MT = mixing time, LP = laser power, and SS = scan speed) are:
grainsize =—0.24(MC) —2.62(MT) + 184.76(LP) — 48.00(SS) + 81.28 (4.6)

numberofgrains =0.93(MC)+10.64(MT)—-1057.22(LP)+351.88(SS) +1965.40 (4.7)


https://�1057.22(LP)+351.88(SS)+1965.40
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The adjusted R? fit of these models are 0.57 and 0.70 for grain size and number of
grains, respectively. The residuals plots (Figures 4.26 and 4.27) for both models also

show a random distribution, indicating that the linear models have fit the data well.

1p

Laser Power
—
W
S

WA
O
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Figure 4.24. Average grain size for each sample plotted against build pa-
rameters. The background gradient shows the predicted values accord-
ing to the model and the points represent the measured values. The same
color scale applies to both predicted and measured values. The model
has R? = 0.57.

It can be seen in Equations 4.6 and 4.7 that the mixing parameters (MC and MT)
don't have a large effect compared to the AM parameters (LP and SS). Also, in both
models, the laser power has ~3x the impact as scan speed does on the grain metrics.
The relationship between the combination of scan speed and laser power with effect
on the AM parts is mentioned in numerous studies.***> The 2019 study by Polozov et

al.,, instead says that scan speed is the most impactful parameter, as determined by their
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Figure 4.25. Average number of grains per sample plotted against build
parameters. The background gradient shows the predicted values accord-
ing to the model and the points represent the measured values. The same
color scale applies to both predicted and measured values. The model
has R* = 0.70.

Pareto chart.“? A qualitative assessment of melt tracks of SLM steel samples grouped the
results from various laser power and scan speed combinations by melting cases. While
they note the combined parameters’ impact on the SLM samples, they do not quan-
tify the relationship.*! The study by Kohorasani et al., which utilized an artificial neural
network to make conclusions about the most influential parameter on material surface
characteristics, modeled the relationship between laser power, scan speed, and surface
quality with similar slope as the models in this work. While the model was assessing AM
parameters in relation to surface quality instead of grains, it still validates the laser power
and scan speed relationships found in this study. ** Most of the AM parameter studies do

not quantify the effect with a model, however, like the current study does. Quantifying
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Figure 4.26. Residuals plot from the average grain size vs processing pa-
rameters model. The random nature of the residuals indicate that a linear

fit was appropriate for the model.

and modeling the impact of specific AM processing parameters aids in defining the pro-

cessing window and understanding the design space.

The two main strengthening mechanisms for ODS materials are believed to be Hall-

Petch or other precipitation-based at lower temperatures®»®3 and Orowan at higher

temperatures.26°2-548! The increased number of grain boundaries in samples built with

lower laser powers should contribute to the lower/standard temperature strength of the

material. The major appeal of ODS materials is their strength at high temperatures, and

it is the oxide distribution that will contribute to the material strength in that regime,

and the oxide distribution does not seem to be affected by build or mix parameters.
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Figure 4.27. Residuals plot from the number of grains vs processing pa-
rameters model. The random nature of the residuals indicate that a linear
fit was appropriate for the model.

4.4.4 Oxide Homogeneity Issues

Oxide homogeneity is critical in ODS materials.3**° Both the oxide image analysis re-
sults (Figure 4.14) and the TOF-SIMS results (Figure 4.16) from bulk sample analysis
show inconsistencies in the amount of oxide detected in the bulk samples. The sam-
ples tested from Mix Set 1, from both analysis types, show taller boxes in the box plots
than the boxes from the other Mix Set. These results show that the inhomogeneity of
the powder coating as a result of different mixing parameters (Table 3.3) translates to
inhomogeneity of the oxide distribution in the printed parts. Although the melt pools in

LPBF processes are known to be very turbulent, they are insufficient to homogeneously
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distribute the yttria in parts printed from inhomogeneously oxide coated feedstock pow-
der.!17141L142 The idea that poor feedstock powder preparation translates to poor quali-
ties in the printed material is supported in a study modeling the impact of LPBF param-
eters on the surface quality of Ti-6V-4Al. The study confirms that the pre-processing
parameters have an effect on the surface quality of LPBF-built parts.*?

The same inhomogeneity is not seen in the powder TOF-SIMS results (Figure 3.4),
but this both confirms the conclusion from Chapter 3 that higher mixing time combined
with higher mixing condition yield a better oxide coating and indicates that the printing
process and what happens to the powder in the melt pools impact the oxide distribu-
tion in the printed material. This does not negate the conclusion that the LPBF process

cannot completely correct poorly coated powder.

4.4.5 ldealized Property Discussion

One obijective of this study was to see how idealized samples of ODS NiCoCr compared
to similar materials. Figure 4.28 shows the yield strength values from similar material
from multiple studies and the current results. This provides a frame of reference for
how this dissertation’s material relates to the strength of other MPEA, NiCoCr, ODS, and
Ni-based superalloy materials. Elevated temperature results are shown in Table 4.7. The

The room temperature tensile tests from Han et al., showed fairly comparable re-
sults to the current study, but the small increase in yield stress can likely be attrib-
uted to smaller grain sizes in the NiCoCr material studied by Han et al., which exhib-
ited higher Hall-Petch type strengthening.%? The difference in material processing likely
contributed to the decreased yield stress seen in the study by Quao and colleagues. ! Wu

and colleagues also supported the strengthening effects of Cr additions to alloys in their
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Figure 4.28. Yield strength of materials similar to ODS NiCoCr from room
temperature tensile tests. The ODS NiCoCr from this work is marked with
a star. The data points are grouped by material category, colored by fab-

rication category, and represent data from multiple studies.3"'6
Fabrication Yield Stress

Chemistry Method Temp (MPa)
ODS NiCoCir (this dissertation) | LPBF 1366K 89.6
NiCoCr?® rolled 673K ~200
IN 718%? LPBF 923K | 1061 (9)
IN 62513 rolled 1273K 98
IN 6251 LPBF 973K 520
A110C025CI‘8F615Ni36TiG
+ Hf, Mo '3 cast 1173K | 219 (6)
CoFeNi, Vg 5Mog » 1** cast 1073K 187

Table 4.7. Comparative table of yield strengths for elevated temperature

tension tests.
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2014 work. Their study concluded that grain boundary strengthening was not a signif-
icant contributor to the temperature dependent differences in yield strength.® None of
the materials in that study were dispersion strengthened, and as grain boundary pinning
is one of the prominent strengthening mechanisms present in ODS materials, it makes
sense that the RT yield strength of the ODS NiCoCr is higher than that for similar (grain
size) material, like from the Wu et al,. study.

While not disregarding the factors contributing to the differences in results, the simi-
larities in the various materials allude to explanations of the strength seen in the current
study’s material. Shang et al., saw effects of interstitial strengthening in their NiCoCr ex-
periments. As they increased the amount of carbon solutioned into their material, they
saw increase in strength without detriment to ductility.® In their review of mechanical
properties of HEAs, Shang et al., summarize many theories of material strengthening
which center around the micro twinning known to occur in NiCoCr.'*> Laplanche and
colleagues found that equiaxed grained NiCoCr had superior mechanical properties to
equiaxed grained NiCoCrFeMn, primarily due to the earlier onset of nanotwins under
strain.®!® Chang and colleagues found that additions of W to their NiCoCr increased
the strength of the material through retardation of grain boundary and dislocation mo-
tion during recrystallization.® A study by Hu et al., looked at precipitation and solute
strengthening with Mo and C additions to NiCoCr. They found that both additions to the
NiCoCr provided a combined effect of solute drag and Zener pinning to strengthen their
material. The grain size for their materials was much smaller (1-6 pm) than those used
in the dissertation and the precipitate sizes were somewhat larger (100-550 nm) than
the oxide particles in the dissertation.* Both of these size factors contribute to different

strengthening mechanisms being at play in the materials. Despite these differences, the
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strengthening they saw with additions to the NiCoCr amounted to a rough doubling of
yield stress.*

Borg et al., compiled a summary of the mechanical properties of over 600 MPEAs.
At room temperature, the yield strengths ranged from ~250 MPa to ~2000 MPa, and at
roughly 2000 °F (1366K), the yield strength range was from ~100 MPa to ~750 MPa. !4
The samples for this dissertation lie at ~30% of the maximum RT measurement and at
the bottom of the range for high temperature measurements. While NiCoCr may not be
the highest strength MPEA, it has other favorable qualities, including being chemically
simple and making a good model system, that influenced its selection as the material
for this dissertation. When compared to the other material examples (Figure 4.28 and
Table 4.7), this project’s ODS NiCoCr showed equivalent to superior yield strength at
room temperature and comparable yield strength at high temperature. The Ni-based
superalloys showed higher strengths, but these materials were tailored specifically to
have such high strengths.

Figures 4.29 and 4.30 show how these results compare to the results from unmixed
NiCoCr and mixed ODS NiCoCr also produced at NASA Glenn from the same starting
materials and same mixing methods, but with different mixing parameters.!” The sam-
ples for this dissertation were more ductile at RT (but less at high temperature) com-
pared to the ODS NiCoCr from Smith et al. This difference most likely due to the dif-
ferent processing parameters used in AM of the samples, which lead to increased slag in
the samples for the dissertation. 14" More slag would have more of an influence at high
temperatures, which is why the strength at room temperature is comparable among the

samples, but the stress-strain curve at high temperature shows a significant difference.
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The difference in the ODS vs non-ODS samples is also more significant at higher temper-

atures owing to the oxides providing more strength (Orowan mechanism) than at room

temperatures (where Hall-Petch dominates). %%
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Figure 4.29. Room temperature engineering stress-strain tensile test re-
sults for non-mixed NiCoCr, ODS NiCoCr mixed with different parame-
ters than this project, and ODS NiCoCr from this dissertation (bold). This
figure shows data from both this dissertation and Smith et al., 2020.'"

4.5 Conclusions

Several screening experiments were performed on the AM ODS NiCoCr to investigate
how the print parameters impacted the density, porosity, and grain size distribution of
LPBF printed multi-feature blocks. The scrutiny of the Archimedes’ density and porosity
(with metallographic sample preparation and image analysis) revealed that Archimedes’
density can be used to quickly rank samples to find the lowest porosity. The grain size
and number analyses showed that laser parameters are the primary indicator of grain

size, and that laser power has a larger impact than scan speed.
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Figure 4.30. Elevated temperature engineering stress-strain tensile test
results for non-mixed NiCoCr, ODS NiCoCr mixed with different parame-
ters than this project, and ODS NiCoCr from this dissertation (bold). This

figure shows this dissertation’s data added to the results from Smith et al.,
2020.%7

After comparing the oxide distribution, both by code driven oxide distribution image
analysis and TOF-SIMS, of multi-feature blocks printed with idealized AM parameters,
it was concluded that any mixing occurring in the melt pool is insufficient to alleviate
inhomogeneously mixed feedstock powder. Yield strength was also gathered from ten-
sile samples of the ODS NiCoCr built with idealized AM parameters, and the results,
when compared with similar materials, were comparable. When compared to the sim-
ilar material also built at NASA Glenn, the material in this study was between ODS and

non-ODS NiCoCr in high-temperature tensile tests and superior to both at room tem-

perature.
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5 Overall Conclusions

5.1 Powder Experiment Conclusions

The powder experiments were discussed in Chapter 3. These experiments were de-
signed to understand the impact of the powder preparation parameters on the quality
of the oxide distribution on the composite material. The powders mixed were a multi-
principle element alloy, NiCoCr, which was nominally 25 ym in diameter and an oxide,
yttria, which was roughly 100-200 nm in diameter. The oxide powder was added to the
metal powder at a 1:99 weight ratio and combined using an acoustic resonance mixer
(Resodyn®7). The mixing parameters in question were the mixing time and a condition
fairly equivalent to energy input. Previous studies have shown that these are the main
variables that can impact the extent of the mix in an acoustic mixer.3"3°

The impact of these parameters on the distribution of yttria on the surface of the
NiCoCr powder was evaluated qualitatively through analysis of secondary electron im-
ages of both whole and cross-sectioned mixed powder samples. A framework for char-
acterizing the powder coatings was used to determine which mixing parameter combi-
nations yielded the best and worst coatings on the powders. The framework considered

percent coverage, consistency, and thickness of the oxide coating (this was tabulated in

Table 3.3).
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In order to understand the quantitative impact that the various mixing parameter
combinations had on the oxide coating, Time of Flight Secondary Ion Mass Spectrome-
try (TOF-SIMS) was used to measure the amount of yttrium on the surface of the mixed
ODS NiCoCr powders mixed with seventeen different parameter combinations. These
evaluations indicated that more mixing time was advantageous to less, to an extent, and
that higher mixing condition (energy) resulted in more yttrium on the surface of the
powders.

Overall, these experiments proved that quantitative (or semi-quantitative by TOF-
SIMS) or qualitative (SEM/EDS) evaluation of the surface of the ODS powder can help
determine mixing parameters that will give homogeneous oxide distribution. The re-
sults from both are shown in Figure 5.1. The importance of a homogeneously distributed

oxide in ODS materials is supported in numerous studies. 193949
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Figure 5.1. Results of the qualitative analysis (a) and the semi-
quantitative analysis (b) both imposed on the mixing parameter matrix.
Both tables follow a similar hue map coloration, with darkest boxes repre-
senting poor coatings with less yttrium, lightest boxes representing good
coatings with the most yttrium, and intermediate boxes representing in-
termediate values.

5.2 Printed Material Conclusions

The experiments on the printed ODS NiCoCr material were divided into screening ex-
periments and property evaluations of idealized material.

The screening experiments consisted of porosity, density, grain size, and number of
grain analyses of thirty-six printed multi-feature blocks. The blocks were printed from
material mixed with four different mixing parameter sets and following a 3x3 matrix of
laser power and scan speeds (nine blocks). The mixing parameter sets included poorly
coated, best coated, and intermediately coated powders, as determined in Chapter 3.
The lack of statistically significant difference between either the porosity, density, or

grain metrics for the powders mixed with different conditions indicate the robustness
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of the ODS NiCoCr material production. The results also provided documented evi-
dence Archimedes’ density can be used as a quick screening tool to rank samples by
their porosity. Additionally, the models created from the results of the grain size and
number analyses showed that laser power had a greater impact on the grain metrics

than the scan speed. A side by side figure of the screening experiment results is shown

in Figure 5.2.
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Figure 5.2. Results of the screening analyses. The left plot (a) shows the
results of the EBSD analysis of the grain size and the right plot (b) shows
the porosity results. Both plots are colored following the models of the re-
spective analyses and indicate the idealized AM parameters are indicated
in the lower-left corner (1.3-1.6 for laser power and 1-1.2 for scan speed).

Following the determination of which laser power and scan speed combinations
yielded fully dense printed material3>36°051 tensile samples were printed and tested.
The yield stress and ultimate tensile strength were calculated from both room tempera-
ture and 2000 °F tension tests and compared to similar materials (Figure 4.28 and Table
4.7). The room temperature and elevated temperature stress-strain curves from this ma-
terial and another ODS NiCoCr and non-ODS NiCoCr (from Smith et. al.'?) are shown

in Figure 5.3.
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Figure 5.3. Results of the engineering stress-strain tension tests on ide-
alized LPBFAM produced ODS NiCoCr material. The top plot (a) shows
the stress-strain curve from the room temperature tension tests, and the
bottom plot (b) shows the stress-strain curve for the elevated temperature
tension tests. Both plots include results from this analysis as well as the
material printed from the similar project at NASA Glenn!”

The final outcome of the printed material experiments, again on idealized printed
material, was that a poor coating of oxide during the mixing phase translates to an in-

homogeneous distribution of oxide in the printed material. This was determined from
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both oxide distribution metrics calculated from image analysis of SEM micrographs of
the printed material as well as from TOF-SIMS area analyses of the printed material. In
both sets of experiments, the samples mixed with mixing parameters shown (in Chapter
3) to result in less yttrium on the surface of the NiCoCr powder showed wider distribu-

tions of oxide in the printed material than the others. This is illustrated in Figure 5.4.
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Figure 5.4. Results of the oxide distribution result (a) and the TOF-SIMS
results (b) from the idealized printed samples. The results from Mix Set
1, which is mixing condition C and time 2t, shows a wider distribution
of values, as indicated by the height of the box in both box plots. This
suggests an inhomogeneous oxide distribution.

5.3 Overall Conclusion

When considered together, the results of the powder and printed material evaluations
indicate that the combination of powder surface evaluation and printed component
density can increase throughput of material development. High-throughput experi-
mentation and lean approaches that strive to quickly eliminate failing materials are

critical to achieve the goals of the aerospace industry in a timely manner. In an effort
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to adopt these principles, evaluation of the oxide coating on the surface of acoustically
mixed ODS powder can quickly indicate which mixing parameters result in a powder
with a homogeneous oxide distribution. Once mixing parameters are determined, using
Archimedes’ density on LPBF AM parts to rank them by their porosity allows for a quick
and simple screening determination of additive manufacturing parameters that result
in a fully dense printed component. This can allow for expedited material development,

which is imperative to high-throughput manufacturing principles.

5.4 Scientific Contributions

ODS NiCoCr powder prepared by acoustic mixing and additively manufactured is a new
material that has been described in this dissertation and patented at NASA Glenn during
the time of the dissertation. Novel characterization methodologies are presented in this
study for characterizing this and similar materials. The characterization methodologies
were applied as part of a well understood though seldom applied and documented iter-
ative study design that employed loops to handle the multitude of variables and proved
efficient experimentation. The overall contributions to the field that this project sup-

plied are as follows:

e Acoustic mixing is shown to be a valid technique for combining dissimilarly
sized oxide and metal powder that is fairly robust to the mixing parameters.

e The application of iterative study design and multiple project loops is docu-
mented.

e Numeric models are calculated to represent the impact of AM processing pa-
rameters on porosity and grain metrics of LPBF AMed samples. Though the

relationships are noted in numerous studies, rarely are they quantified.
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o TOF-SIMS is used in a novel application to characterize powder surface chem-
istry.

e A qualitative framework to characterize micrographs of powder surface is cre-
ated and explained.

e The use of Archimedes’ density as a quick tool to rank samples and screen AM
parameters is presented.

e The combined use of qualitative or semi-quantitative powder surface analysis
with Archimedes’ density analyses is shown to be a valid high-throughput tech-

nique which can lead to process optimization of LPBF ODS material.

The findings from this study should apply to other ODS alloys for LPBF AM produc-

tion in elevated temperature applications, as well.
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6 Future Research

The sections in this chapter provide brief descriptions of both additional and further

experiments and models that could be conducted with these and similar materials.

6.1 Optimization Studies

This project included screening and modeling experiments, as described by the NIST
Engineering Handbook. Optimization is the final step in the design of experiments
(DOE) outline and can be done with enough data to plot a response surface. This would
allow for determining the minimum and maximum of a quadratic model, which would
represent the desired output.“® In order to optimize the mixing or AM parameters from
this study, it would be necessary to collect more data. The semi-quantitative analysis
in Chapter 3 evaluated seventeen samples, but wasn’t able to define the entire response
surface. Enough data is needed to model the local maximum or minimum, as well as the
neighboring slope changes used to confirm that the high and low results are actually the
extremum on the response surface.In order to quantitatively determine the extremum,

quadratic modeling would be required.
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6.2 Powder particle size vs Porosity

The current study did not include a large enough variety of particle size distributions
to test the relationship between powder particle size and porosity, however this could
be done through an extended mixing parameter space, such as the TOF-SIMS analy-
ses from Chapter 3, combined with printing multi-feature blocks from those powder
batches. Several previous studies have shown a correlation between powder size and
porosity of the printed part.*%192 Roughly 5kg of powder is required to complete a print
of multi-feature blocks on the EOS M100 at NASA Glenn, which is attained from com-
bining 3 metal containers (900g full each) worth of mixed powder. Without knowing the
standard deviation of the powder size distributions, the amount of samples can only be
estimated. According to the NIST handbook of statistical methods, a sample size of 10
is estimated to be needed for a statistical correlation with 95% confidence interval with
unknown standard deviation.*® Therefore, at least 18 metal container samples would
need to be produced and used to print 6 sets of multi-feature blocks to be able to quan-

tify the powder particle size and bulk material porosity relationship.

6.3 Strength vs grain size

A number of studies have shown that grain size and dispersion extent have an effect on
yield strength. 8117192102 yijeld stress is affected by a combination of stresses, which
include precipitate hardening and grain boundary strengthening.® One study described
how high grain aspect ratio (more than 10:1) were desirable for strength at very high tem-
peratures for ODS alloys. ’® Wang et al., studied an AM Cantor alloy and related mechan-

ically induced twins (a major strengthening element) to grain size. They determined a
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critical grain size (and noted that this was hard to calculate for elongated grains) needed
for the twins to form. 102

According to ASTM Standard E2627 148 and E1382,'%° at least five image frames en-
compassing at least 100 grains each with 500 or more indexed points is required to de-
termine grain size. The EBSD frames collected from Loop 2 of this study included the
correct number of grains, but only one image per sample was measured. At least four
more EBSD maps would need to be collected per sample to properly determine the grain
size. These results could couple with the mechanical test results to provide a quantita-

tive correlation between grain size and mechanical strength for ODS NiCoCr.

6.4 Multivariate Linear Models and Beyond

This project included a number of multivariate linear models, but several of the corre-
lations seen throughout this project would be better represented by non-linear mod-
els with quantified coefficients (yttrium vs mixing conditions correlations explored in
Chapter 3 and shown in Figure 3.4). Non-linear models were outside the scope of the

current project, but could help quantify those relationships.

6.5 Material Alternatives

Composite materials have long been studied for their favorable combinations of prop-
erties. Metal Matrix Composites have been studied for aerospace applications due to
their lightweight, wear resistance, high strength, and high temperature resistance prop-
erties. 19151 Metal matrix naoncomposites, which are reinforced with nano-sized par-
ticles, have more recently been studied for aerospace applications.?” Refractory metal

complex alloys have also received interest in the aerospace industry for their superior
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high temperature properties.’? These fields of research may yield valuable material al-

ternatives to ODS NiCoCr that offer similar or superior high temperature capabilities.

6.6 Micro-Fatigue and Full-Scale Fatigue Comparisons

(Yet) unpublished work has been exploring a mechanical testing method using scaled-
down samples. The potential to validate the small-scale fatigue testing against full-scale
fatigue tests could mean that accurate mechanical properties could be calculated with-
out the need to create full-scale parts for evaluation. This (yet unpublished) work has
been focusing on a copper alloy, GRCop-42, and as an additional validation step is set
to include ODS NiCoCr samples. Full-sized fatigue testing sample bars have been ma-
chined out of LPBF ODS NiCoCr printed at NASA Glenn Research Center. The small-
scale evaluations will be performed on sections of the multi-feature blocks used through-

out this dissertation project.
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Appendix A
Supplemental Experiments

1 Introduction

This appendix contains methodologies referenced to, but not described in the full body

of the dissertation.

2 Particle Size Distribution

Particle size distribution was investigated using NASA Glenn’s Horiba Partica LA-960V2
Laser Scattering Particle Size Distribution Analyzer following Horiba’s standard proce-
dures'®? and according to ASTM-52907.122 In order to prepare for use, tap water was
added to the chamber refill bucket under the machine and wipes and ethanol were made
available. The computer program was set up to use water as the dispersion medium and
Ni powder as the background reference material. Water was fed into the chamber, then
an 'agitate and circulate’ cycle was run. Alignment of the lasers was optimized for perfor-
mance, followed by a de-bubbling cycle, and then the lasers were blanked. Using a metal
spatula, a small amount of powder (1-5 grams) was added to the analysis chamber of the
Horiba until the appropriate amount of particulates were detected by the machine (as
indicated by the optimum zones marked on the red and blue laser level bars, roughly at
1000-1500 units). Once the powder was added to the water in the analysis chamber, the
ultrasonic cycle was run for three minutes, followed by another de-bubble cycle. Once
the normal measure cycle was concluded, the analysis chamber was drained, rinsed,
and wiped clean with a paper towel and ethanol. The procedure was then repeated, be-

ginning with feeding water into the chamber, for each analysis. A complete analysis of
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each sample set consisted of six repetitions (measurement of six unique samples from

each powder mix batch).

3 Morphologi Powder Dispersion Tool

The procedure for attaining an even powder dispersion on a carbon tape stub using
the Malvern Morphologi Automated Particle Size & Shape Analyzer is as follows. After
the computer and equipment are turned on and the software package Morphology is
loaded, the air hose is first un-clipped and the dispenser removed. After removing the
dispenser lid and blowing out the sample holder with the compressed air, the whole
dispenser inside is wiped down with anti-static spray. Once the sample holder disc is re-
placed onto the dispenser, 5 mm? of powder is placed into the center of the sample disc,
using an appropriately sized dispensing spoon. The lid of the dispenser is then replaced
and the dispenser and powder assembly is put back into its holder on the Malvern and
reattached to the air hose. A SEM stub covered in carbon tape is then placed on the glass
so that it will be moved to under the dispenser. Using the software, 'Measure’ and then
'Disperse Sample’ are then selected. On the next window, where pressure and time ad-
justments are made, 2 bars of pressure, 20 microseconds of air, and 60 seconds of rest
were determined to be adequate for the powders used in this study. When done, the
software’s microscope view can be used to check the success of the powder dispersion.
Selecting 'Load Position’ in the Morphology software returns the sample glass slide to a
position where the coated stub can be removed. The glass sample slide is then blown off

and cleaned with lens cleaner and a Kim wipe.
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Appendix B
Tension Test Result Figures

This Appendix contains the four stress/strain curves discussed in Chapter 4 and the

engineering drawing used to machine the specimens.
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Figure B.1. Engineering stress/strain curves for room temperature tensile tests.
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Figure B.3. Engineering stress/strain curves for 2000 °F tensile tests.
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