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Abstract

In this dissertation, the relationships between the powder feedstock and the mechanical
performance of additively manufactured (AM) parts were investigated. In this regard, different
aspects of powder feedstock were considered. First, the effects of the particle size distribution
(PSD) and shape on tensile and fatigue performance of AM Ti-6Al-4V parts via a laser powder
bed fusion (L-PBF) were investigated. Two plasma atomized Grade 23 Ti-6Al-4V powder batches
were used with PSDs of 15-45 um (fine) and 15-53 um (coarse) with highly spherical particles.
Both batches showed comparable powder flowability due to very spherical powder particles. The
fine powder, however, showed some improvement in packing state due to the narrower PSD
resulting in fewer empty spaces between the powder particles. The powder characteristics resulted
in negligible changes in tensile strength, which were attributed to the similar microstructures in
the specimens manufactured from both powders.

The tensile ductility, however, improved by using the coarse powder ascribed to the smaller
defects in coarse powder specimens. Although the overall number of defects was considerably
lower in fine powder specimens, some large defects were noted in the case of fine powder
specimens, which was explained by more spattering during fabrication with this powder caused by
higher O content. Such large defects were found detrimental to both tensile ductility and fatigue
performance. In addition, no variation was observed along with the powder delivery system,
related to the excellent flowabilities of both powders. Second, the plasma atomized Ti-6Al-4V
powder changes throughout L-PBF fabrication and with continuous reuse were traced. It was found

that continuously reusing the powder can improve the powder packing state and flowability.



However, the O content also increased with powder reuse. Although reusing the powder up to 3
times improved fatigue performance, further reuse up to 7 times resulted in adverse effects
compared with the unused powder.

The lower fatigue performance and tensile ductility of specimens manufactured using 7-times
reused powder were correlated with the higher O content in 7-times reused powder batch, which
resulted in more spattering during the fabrication and formation of large defects. This hypothesis
was justified by observing larger and more frequent defects downstream of the argon flow, which
is commonly used as the shielding gas during AM fabrication. The specimens in the downstream
region also had slightly higher tensile strength owing to the higher O content, lower fatigue
performance, and higher critical energy release rate. This study was repeated with gas atomized
17-4 precipitation hardening (PH) stainless steel (SS) with a nominal PSD of 15-45 pum to
investigate the build location dependency with a powder consisting of also less spherical particles
and track the changes with continuous powder reuse.

It was realized that the powder behavior, including flowability and packing state, did not
change the tensile strength and the microstructure of the L-PBF 17-4 PH SS specimens even
though they improved with continuous reuse. Fatigue performance in the high-cycle-fatigue (HCF)
regime, however, significantly improved with powder reuse, ascribed to the smaller gas-entrapped
pores in the specimens manufactured using 14-times reused powder. It was also noted that when
the powder does not contain highly spherical powder particles, the lower powder flowability may
jeopardize the powder bed layer uniformity and result in some variation along with the powder
delivery system. For instance, more frequent and larger lack-of-fusion defects, which are
detrimental to fatigue performance, were observed in the specimens placed west of the build plate

(i.e., farther away from the feedstock bin).



Owing to the powder flowability improvement by continuously reusing the powder, this
location dependency across the build plate decreased. Observing such variations across the build
plate signified the importance of developing standardized powder atomization and reuse practices
to ensure consistent build quality. The build-to-build variability due to the effects of powder reuse
was also investigated in different AM technologies, including laser powder directed energy
deposition (LP-DED) using NASA HR-1 superalloy with a nominal PSD of 45-105 um. Multiple
sets of thin walls were deposited using the unused NASA HR-1 powder as well as 1- to 5-times
reused powder. The powder flowability did not change with continuously reusing the powder. The
chemical composition also remained constant throughout all depositions. The PSD, however,
coarsened with repetitive powder reuse resulting in fine particle reduction and mean particle size
enlargement.

Investigating the powder particle shape did not reveal any changes with reuse. Therefore, it
was assumed that highly spherical powder particles resulted in comparable flowability in all
powder batches, although fine particles (typically known for lower flowability) decreased with
powder reuse. The tensile strength and ductility were also investigated. No change in tensile
strength was noticed due to the similar microstructures and O content in the LP-DED NASA HR-
1 specimens. All deposited specimens had relative densities larger than 99.997%, and the
maximum defect size in all specimens was almost comparable, which was correlated with the
similar flowability of all powders. On the other hand, the similar defect content also resulted in
identical tensile ductilities and fatigue performance. Moreover, the effects of specimen orientation
with respect to the building direction (i.e., perpendicular or parallel) was investigated to better

correlate the specimen property in the laboratory to part performance.



The tensile strength did not change with the orientation owing to the similar microstructures,
defect content, and O concentration. The ductility, however, was somewhat lower in parallel
specimens due to the more critical effects of surface undulations when subjected to tensile loading.
The lower ductility of parallel specimens also showed slightly lower resistance to fatigue failures
in the low-cycle-fatigue (LCF) regime. In this regime, the majority of fatigue life is spent in crack
growth, and more ductile materials are typically favored. Therefore, the lower fatigue performance
could be correlated with the lower ductility of parallel specimens. In the HCF regime, however,
negligible changes with a greater scatter in data were observed owing to the dominant effects of
micro-notches on the surface resulting from the layer-by-layer deposition process. Lastly, a single
powder quality metric was identified to correlate several powder characteristics.

Such quality metrics and similar ones could contribute to faster adoption of AM technologies
by indicating the effects of powder on the final part performance without the need for the
experiment. The proposed powder quality metric could satisfactorily predict the powder behavior
and correlate with observed mechanical properties in this dissertation. In addition, an image
processing method was used to obtain the powder PSD and shape information (e.g., sphericity)
from the 3D reconstructed images via X-ray computed tomography (CT). Subsequently, a machine
learning algorithm was implemented via a feed-forward artificial neural network (ANN) multi-
layer perceptron. Due to cost-effectiveness, developing statistical tools such as machine learning
algorithms is essential for the faster adoption of AM technologies. The proposed ANN model was
trained using the PSD and sphericity as well as the powder rheological characteristics. It was
observed that the ANN model could effectively predict the powder quality score with a low mean

absolute percentage error (MAPE), indicating the model's robustness.
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1. Introduction

Metal additive manufacturing (AM) is a sequential, layer-by-layer process of joining metallic
materials until a three-dimensional part is manufactured [1]. This technology has received a
booming interest due to its compatibility with several alloys, potentially decreasing the
manufacturing lead time at a reduced cost, and lowering the weight of structural components [2,3].
Most AM processes start with a material feedstock (whether in the form of powder or wire) and a
source of energy (i.e., laser, electron, or electrical arc) to join the layers. In laser-based AM
technologies, numerous process parameters are involved during the process, including the laser
power, laser speed (also known as scanning speed), hatching distance, and layer thickness. The
combination of each process parameter set can result in a unique thermal history experienced in
additively manufactured (AM) parts [4,5]. The resulting thermal history can influence the micro-
/defect-structure and mechanical properties, often distinct from traditionally manufactured
materials such as wrought and cast. Therefore, investigating such relationships between feedstock,
process, structure, property, and ultimately part performance is essential in adopting AM

technologies with industrywide applications (see Fig. 1).
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Fig. 1 The feedstock-process-structure-property-performance relationships in laser-based AM.

With the lack of knowledge of the whole system, it might be more efficient to investigate each
aspect separately, e.g., the effects of thermal history or structure on AM part performance. The

current study investigates the effects of feedstock (in powder form) and some design aspects (e.g.,
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location of the parts on the build plate) on the micro-/defect-structure and mechanical properties
of AM parts [1,6]. In general, understanding the powder feedstock behavior is not straightforward
since the powder behavior is not easily measurable, and there are often different evaluation metrics.
For instance, some studies have reported powder flowability and packing state as the most relevant
metrics to AM technologies [7,8]. In addition, powder behavior is influenced by its characteristics.
Some of these characteristics are morphological aspects (i.e., particle size and shape and surface
texture), chemistry (i.e., bulk or surface chemistry), and microstructural features (i.e., crystalline
structure and internal defects in the particles) [9].

Some studies attempted to understand how each characteristic can influence powder behavior
[10]. For instance, it has been reported that finer particles can generally hinder the flowability of
the powder due to their higher surface-to-volume ratios, and consequently, higher interparticle
frictions [11]. Deleterious non-spherical particles can disrupt the powder flow, whereas the highly
spherical ones can move more uniformly [12]. Large particles are also said to have a non-desirable
packing as they may leave empty spaces between them [7], while they typically provide a smooth
flow. The presence of different chemical elements due to powder atomization techniques (e.g.,
gas, water, or plasma atomization, and plasma rotating electrode process (PREP)) or fabrication
process (e.g., under argon, nitrogen, or vacuum) can also considerably influence the powder
packing and flow behaviors. For instance, powders with lower moisture content are favored as
they generally provide a superior flow and packing state [ 10]. Moreover, interstitial elements (e.g.,
O or N) can result in different mechanical properties. For example, the higher O content in Ti-6Al-
4V (Ti64) powder may yield parts that are less ductile and possess a higher strength [13].

Lastly, the microstructural features of the powder can contribute to further variations in part

performance. For instance, whether the powder has been exposed to a high-temperature
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environment or cyclic reheating can affect the powder microstructure and therefore, the final part
performance. The presence of internal pores within the particles can also deteriorate the
mechanical properties of AM parts by interrupting the smooth flow of the powder, poor packing
state, and entrapment of gas bubbles within the solidified part [10]. However, the effect of powder
on part performance is not unanimous among different research studies, and contrary results have
sometimes been reported. For instance, some studies have shown coarser particles can result in
higher ductility and fatigue resistance [14], while a reverse effect has been reported in some other
studies [15], demonstrating superior tensile properties for the AM parts manufactured using fine
powder.

In addition to size, other powder characteristics such as particle shape can considerably
influence the part performance by dictating the powder packing and flow behaviors. It has been
shown that irregular particles typically have insufficient flowabilities and poor packing state [10].
Therefore, parts with lower densities and deteriorated mechanical performance can be expected.
The irregular shape of particles can also facilitate a higher O and moisture pickup during handling
or fabrication, which have both been reported to degrade the powder packing state and flowability
[10]. Consequently, a greater location dependency may arise with low flowability due to a
nonuniform powder layer deposition on the build plate. Therefore, further investigations are
needed to interpret particle size distribution (PSD) and shape effects on mechanical properties
under static and dynamic loading conditions.

While different powders can have distinct characteristics, even the same powder that is
continuously reused/recycled for AM fabrications can change and influence the volumetric defect
content and surface texture, ultimately yielding different mechanical properties [7,14]. For

instance, a higher tensile strength was reported when the AM parts were manufactured from reused
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powder, attributed to the narrower PSD and higher O content [13]. Some studies also investigated
the effects of reuse on fatigue behavior. For instance, Popov et al. [15] showed a lower fatigue
performance for the parts manufactured from reused powder in an electron powder bed fusion (E-
PBF/EB-PBF) system, which was ascribed to the increased O in the reused powder.

In addition, there is no understanding of whether the changes in mechanical properties due to
power reuse are similar with different materials and AM technologies. For instance, a lower fatigue
performance was reported for E-PBF Ti64 with reuse [14,15], while some slight improvement in
fatigue performance of 17-4 precipitation hardened (PH) and 316L stainless steel (SS) parts
manufactured using reused powder in a laser powder bed fusion (L-PBF/LB-PBF) AM machine
was indicated in [16]. In other AM technologies, such as laser powder directed energy deposition
(LP-DED), the powder is blown on the substrate instead of spreading a layer of powder. Therefore,
powder characteristics such as flowability may be irrelevant to this technology. Hence it is still
crucial to generate more understanding about the effect of powder characteristics on the
performance of parts fabricated by different materials and AM technologies. Thus, the overall goal
of this research is to investigate relationships between the powder feedstock and the AM part
performance.

1.1.  Project Goal and Objectives

The overall goal of this research is to investigate the influence of powder feedstock on AM
part performance by determining the most influential powder characteristics in L-PBF and LP-
DED processes affecting the mechanical properties. This research aims to achieve its goal by
targeting several objectives. The first objective (Chapter 2) is to understand how PSD and
particle shape affect the part performance. In this regard, we hypothesize that a powder batch with
a narrower PSD and spherical particles yields superior tensile and fatigue performance, leaving

fewer defects in the manufactured parts (Hypothesis 1a). In addition, the high particle sphericity
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and the resulting high powder flowability increase the mechanical properties consistency across
the build plate (Hypothesis 1b). The second objective (Chapter 3) is to investigate how powder
characteristics, including PSD and particle shape, alter with the powder reuse practice and how
these changes affect the AM part performance. It is hypothesized that if the PSD of Ti64 powder
becomes narrower with powder reuse while the particle shape and O content remain the same, a
higher fatigue resistance is expected (Hypothesis 2a). Moreover, powder reuse does not affect the
consistency of parts’ mechanical properties with respect to their location on the build plate
(Hypothesis 2b).

The third objective (Chapter 4) is to determine whether the changes in powder
characteristics with powder reuse are the same in all material systems. Thus, we theorize that an
improved fatigue performance is also expected for other materials (e.g., 17-4 PH SS), provided the
PSD becomes narrower (Hypothesis 3a). Furthermore, a powder batch with less particle sphericity
gives rise to mechanical properties inconsistency across the build plate (Hypothesis 3b). Moreover,
the fourth objective (Chapter 5) is to investigate which powder characteristics are crucial in LP-
DED technology, where no powder bed is involved, and the powder is blown instead. Therefore,
we speculate that powder flowability does not affect the mechanical properties of AM parts in LP-
DED and other powder characteristics need to be considered (Hypothesis 4a). Additionally,
excising the parts in different orientations to the build layer from deposited materials influences
the mechanical properties (Hypothesis 4b). Lastly, the fifth objective (Chapter 6) is to explain
the mechanical properties of laser-based AM parts merely with the powder quality. Therefore, it
is proposed that most powder characteristics are correlated (Hypothesis 5a). In addition, statistical
tools such as machine learning are applicable to assess the powder quality and interpret mechanical

properties (Hypothesis 5b).
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1.2. Background and Past Work Related to the Current Research

Powders can be atomized through different methods, including water, gas, plasma, and plasma
rotating [12]. Using different atomization techniques can result in distinct powder PSDs and
morphologies. For instance, water atomization, although less expensive, will commonly result in
more irregularly-shaped particles compared with other approaches. Kassym et al. [17] compared
water and gas atomized powders. Higher particle shape irregularity and O concentration were
observed in the water atomized batch. Therefore, higher interparticle frictions, and consequently,
a hindered flow and poor spreadability were noted [10]. Another important powder characteristic
is PSD. Depending on the technique and sieving method, different PSDs can be achieved when
powders are atomized. The PSD, which determines the relative amount of particles with different
sizes, can be Gaussian (i.e., normal) or multimodal [10].

The multimodal PSDs, including bimodal, are more complex, and there is not enough
knowledge about their effects on part quality. Therefore, one task of this dissertation is to interpret
such PSDs and investigate their effects on mechanical properties. In the case of normal
distributions, some attempts are available in the literature to understand the correlation of PSD
variations with powder flow and packing behavior, and ultimately the part performance. For
instance, Jian et al. [ 18] experimented with two AlSi10Mg powders with mean particle sizes of 20
pum and 50 pm. They observed a higher tensile ductility and, to some extent, higher fatigue
performance at higher stress levels when the 50 um powder was used. However, the difference
was less significant in lower stress levels (i.e., high-cycle-fatigue (HCF) regimes). Although this
study showed variations when different PSDs were used, no explanation for such behavior was
reported concerning the effects of powder characteristics. The changes in mechanical properties
were delineated merely by the defect content, which was higher for the powder with a smaller

mean particle size.
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Habibnejad et al. [19] also investigated Ti64 powders of various sizes. It was reported that
larger mean particle sizes and narrower PSDs could result in less interparticle friction and better
flowability [10]. However, finer particles may be favored in terms of packing as they can fill out
empty spaces between particles. Different approaches have been proposed to identify flowability
and packing state competing effects. For instance, Brika et al. [20] reported a figure of merit
number, which accounted for powder rheological properties with equal weights. It was shown that
this number could efficiently determine the powder's suitability for the PBF technologies.
However, one deficiency of this approach was considering equal weights for powder rheological
characteristics with various potential effects. This approach may not be the most accurate since
different characteristics such as density and cohesivity may have different effects. As a result,
Habibnejad et al. [19] modified the equation by considering different weights for the powder's
bulk, rheological, and dynamic properties so that the number could better represent the powder's
suitability.

In addition, powder characteristics may change during AM fabrication and with powder
reuse/recycling due to complex laser-powder interactions [21]. Powder reuse usually refers to
continuously reusing the powder until it is insufficient for the subsequent fabrications, or its
properties do not meet specific criteria. Powder recycling, however, refers to the “top-up” practice
in which unused (i.e., virgin) powder is mixed with the used one with different ratios [12].
Regardless of the approach, i.e., with or without rejuvenation, the powder characteristics may
change in each cycle. There is still debate on how such variations in powder characteristics can
manifest in the mechanical properties. For instance, Cordova et al. [22] investigated the reuse of

Inconel 718 (IN718), Ti64, AlS110Mg, and Scalmalloy and reported a general increasing trend in
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PSD, particle elongation and satellites (i.e., very fine particles adhering to the surface of other
particles [7]), and flowability with powder reuse in an L-PBF system.

This trend, however, may not always be true. Rather it most likely depends on many process
conditions, such as the sieving system, gas flow, number of hours that the powder was exposed,
powder atomization technique, and the initial PSD. For example, negligible changes in PSD and
mechanical properties were reported in [23] when IN718 was reused for 10 cycles in an L-PBF
system. In addition, the O content was the only factor that increased gradually throughout the reuse
cycles. However, in [24], tensile and fatigue strength decreased slightly with reusing Al1Si10Mg
powder 8 times in an L-PBF system. In another powder reuse study, Alamos et al. [24] reported
comparable powder characteristics, part densities, and tensile properties for the Ti64 specimens
manufactured using 8-times reused Ti64 powder in an L-PBF system to that of the unused powder.
However, a slight increase in O content was reported with powder reuse.

Harkin et al. [25] showed that reusing the Ti64 extra low interstitials (ELI) for 9 cycles in an
L-PBF system did not alter its PSD. However, some improvement in powder flowability was
reported after reuse. Carrion et al. [7] observed a higher fatigue performance for the L-PBF Ti64
specimens manufactured using heavily reused powder in the HCF regime (i.e., longer than 10°
cycles). This observation was attributed to the more uniform powder bed resulting from the resued
powder due to its narrower PSD. In contrast, Popov et al. [15] observed an inferior fatigue
performance and a higher level of scatter in data, mainly in the HCF regime for the parts
manufactured using the reused Ti64 powder in an E-PBF system. The lower fatigue performance
was ascribed to the powder exposure to humidity and O content, resulting in lower flowability and

more defects in the manufactured parts. However, when the parts underwent hot isostatic pressing
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(HIP), reused powder specimens showed almost comparable fatigue performance to the unused
powder.

Similar results were also reported by Soundarapandiyan et al. [14] when they compared two
sets of specimens manufactured from unused and 10-times reused powders in an E-PBF system.
As expected, negligible changes in microstructure were reported, which was the reason for almost
comparable ultimate tensile and yield strength, impact energy, and hardness. Some improvements
in the powder flowability, as well as sphericity, were also reported. Although the reused batch had
a superior packing state and flowability, a reduction in fatigue life was seen in the HCF regime.
This observation was ascribed to the removal of fine particles and the presence of high aspect ratio
particles that can pass through the sieve filtration, resulting in an inferior reused powder packing
state and ultimately lack-of-fusion defects in the manufactured parts.

The effects of powder reuse on the mechanical properties of AM parts with other materials
have not been fully understood either. For instance, the reuse of gas atomized IN718 in an L-PBF
system up to 10 times was studied in [26], in which an increase in PSD and O content and reduced
flowability were reported. In addition, the powder feedstock quality decreased with subsequent
reuse due to the accumulation of spattered particles. However, no correlation with mechanical
properties was made. A similar PSD coarsening effect, along with improved flowability, was
reported in [27]. In this study, no change in tensile properties was noticed with powder reuse up to
14 times. However, no results were provided regarding the fatigue performance.

Reusing the powder in other technologies such as LP-DED has also gained considerable
attention. In this technology, higher build resolutions can be achieved with the compensation of a
significantly larger amount of unused powder after each deposition, making powder reuse

inevitable. Some research studies have been conducted to understand the effects of reused powder
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in LP-DED [28-30]. For instance, Terrassa et al. [28] investigated the effects of reusing 316L SS
in an LP-DED system. Negligible changes in powder characteristics and part performance were
reported. The ultimate tensile and yield strength increased slightly, which was attributed to the
marginal increase of O concentration in the powder. As evident from the mentioned studies, there
are still many ambiguities regarding the effects of powder characteristics on the mechanical
properties of AM parts. Therefore, more investigations are needed to explain the potential changes
in mechanical properties due to powder characteristics and their change by reusing the powder.

1.3. Broader Impact

The results of this study can help AM users strategically select the powder with specific
characteristics for AM fabrication. It potentially enables the AM practitioners to custom tailor the
part performance, including surface roughness, microstructure, defects, as well as tensile and
fatigue properties, by altering the powder characteristics such as PSD and particle shape. This
study will also investigate the importance of each powder characteristic and contribute to the
knowledge regarding powder flow and packing behavior, which is indeed insufficient in the
current literature. The increased knowledge about the powder can ultimately increase the AM
production efficiency. Moreover, this dissertation aims to locate the sources of variability in AM
technologies that result from the powder feedstock. Suggestions will be provided for AM users to
alleviate such sources of variability. This dissertation will also provide knowledge about powder
reuse, which can ultimately benefit by significantly reducing the cost, which can further promote
the broader adoption of AM technologies. Lastly, this dissertation will generate material data,
including fatigue and tensile properties specifically for Ti64, 17-4 PH SS, and NASA HR-1, which

will be publicly available for the AM community to use.
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2. Ti-6Al-4V Powder Characteristics in Laser Powder Bed Fusion: The Effect on Tensile
and Fatigue Behavior [31]

2.1. Introduction

Additive manufacturing (AM) has gained significant attention from industrial sectors and
governmental agencies by providing manufacturers with more design freedom and the ability to
fabricate complex geometries and reduce material waste. This booming interest to generate
functional parts for load-bearing applications has also introduced some challenges toward mass
production with AM technologies, which necessitates a more thorough understanding of the
feedstock-part performance relationships [1,32]. One of the most critical facets is the state of the
material feedstock — whether in the form of wire or powder, feedstock characteristics (i.e.,
morphology, chemistry, and microstructure [9]) can affect the mechanical performance of
additively manufactured (AM) parts. In the case of laser or electron powder bed fusion (L-PBF or
E-PBF) AM, where the powder is used as the feedstock, the particle size and morphology can play
a critical role on the mechanical performance of the fabricated parts.

Morphological characteristics can be mainly divided into particle shape and size distribution,
which have been reported to influence the surface roughness, volumetric defect content, and
mechanical behavior—as well as their location dependency—of AM parts [10,33]. It has been well
established that using a powder batch with highly spherical particles can improve powder
flowability, spreadability, and packing state as a result of less interparticle friction [10]. However,
when it comes to particle size and particle size distribution (PSD), choosing the appropriate range
can be challenging. On one hand, the presence of fine particles in coarse ones can theoretically
lead to a more densely packed powder bed. On the other hand, excess amount of fine particles—

due to the higher surface area and more interparticle friction—can result in increased oxygen

31



pickup as well as particle interlocking (i.e., agglomeration) which can reduce powder’s overall
flowability and spreadability and lead to poor powder bed packing [11,20].

The differences in the powder bed packing state may influence the tensile, fatigue, and fracture
properties since they can generate different surface roughness, volumetric defect contents, and
microstructure in the fabricated parts. In terms of surface roughness, although it is generally
acknowledged that the as-built rough surface compromises the tensile ductility and fatigue
properties of AM specimens compared to machined and polished surfaces, how the surface
roughness is affected by powder characteristics and rheological properties is not clear. While
coarser particle size has been shown to lead to higher values in certain roughness parameters
[9,10], such as the Ra (arithmetical mean deviation of a surface line profile), how well these popular
parameters correlate with the mechanical properties, especially fatigue, is still debated. Therefore,
it can be stated that the effect of powder characteristics on the mechanical properties of AM
specimens with as-built surfaces is not well understood (Knowledge Gap #1).

In terms of volumetric defect content, coarser/larger particles that are relatively uniform in
size have better flowability and are typically associated with lower defect contents in parts, even
though the theoretical powder bed packing density is relatively low [34]. On the other hand, the
hindered powder flow due to a large number of fine particles can give rise to inconsistent
deposition of powder, empty pockets due to agglomerates, and higher defect content with strong
location dependency [33]. The volumetric defects (e.g., gas-entrapped pores) generally do not
affect the yield strength (YS) of materials, but they may be detrimental to their ductility and the
ultimate tensile strength (UTS) since they are effective nucleation sites for tension-induced voids

[35].
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For instance, Jian et al. [18] observed lower defect content in parts fabricated by a coarser
AlISi10Mg powder batch in L-PBF, which yielded a much higher ductility (almost twice) and a
moderately increased UTS, but essentially the same YS compared with finer powder-produced
ones. This observation was echoed by the results provided by Riener et al. [36] for L-PBF
AISi10Mg. Similarly, Brika et al. [20] have shown that specimens manufactured from a coarser
Ti-6Al1-4V (Ti64) powder batch via L-PBF had a higher part density (lower defect content), true
fracture strain (gr), and UTS as compared to their counterparts fabricated from the finer powder
batch [20]. However, although existing studies have investigated the effect of fine and coarse
particles, the effect of wider/narrower PSD span has not been addressed (Knowledge Gap #2).

In terms of microstructure, the inter-particle contact may be inefficient in a poorly packed
powder bed which may be associated with slightly lower thermal conductivity [7], slightly lower
cooling rate, coarser microstructure, and thus slightly lower YS. This is supported by the E-PBF
data reported by Nandwana et al. [37], where a coarser a-lath thickness was noticed in the typical
o+ basketweave microstructure in the finer powder specimens. A lower UTS by about 6% for the
specimens fabricated from the fine Ti64 powder batch was also reported. Although YS was not
reported in this study, the same trend should hold since the strain hardening rate of Ti64 is very
low [32,38].

While tensile properties of AM parts are affected by powder characteristics via both defect
content and microstructure, the fatigue properties are primarily dictated by both surface and
volumetric defects [3,39], more so in the high cycle fatigue (HCF) regime. In the machined surface
condition, the effect of volumetric defect becomes apparent. For instance, Soltani-Tehrani et al.
[33] reported that reusing the 17-4 PH stainless steel (SS) powder in an L-PBF system can result

in smaller defects by changing the PSD, and consequently an enhanced HCF performance. Similar
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influence of PSD and powder rheological properties on defect characteristics and fatigue
performance in the resulting materials were echoed by other studies such as in [18,37]. However,
the correlation of fatigue properties with powder characteristics, including their rheological
properties, is still lacking (Knowledge Gap #3). Interestingly, the validity of the “coarser powder-
better properties” trend noted above is not always true. For instance, Jian et al. [18] witnessed a
higher fatigue resistance for the L-PBF AlSi10Mg specimens fabricated from the coarser batch
(average particle size of 50 um), while Nandwana et al. [37] reported that being inferior for the
coarser Ti64 batch (median size of 90 um, 10" percentile size of 71.4 pm) in E-PBF AM. It is
expected that excessively large particles are inefficient to absorb the incident energy which could
lead to poor melting and defect formation [36,40].

Lastly, in the PBF technologies, the powder is distributed from the reservoir on one side of
the powder bed to the other; thus, the packing state of powder may be location-dependent [33,41].
This location dependency has been primarily associated with powder flowability and spreadability
[33]. To uncover such a correlation between the powder and location, Jacob et al. [41] investigated
the spreadability of Inconel 718 and 17-4 PH SS with different PSDs. It was observed that the
segregation of powder particles (i.e., the separation of the powder size constituents [42]) can result
in the non-uniform deposition of powder in different locations. This behavior was explained by
the “front stress-free turning powder wedge” phenomenon, which states that finer particles
typically move to the bottom of the powder bulk, and consequently, are deposited closer to the
dispenser, while coarser ones might deposit near the overflow bin (i.e., collector) [41,43]. The
location-dependent powder bed packing state may produce defect content and mechanical
properties of the resulting parts that are also location-specific [33]. However, this location

dependency has hitherto been underexplored (Knowledge Gap #4)
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To address the four knowledge gaps defined, this work evaluates the effect of powder
characteristics on powder rheological behavior as well as on the microstructure, surface roughness
volumetric defect content, and mechanical properties—and their location dependency—of L-PBF
Ti64 parts. Ti64 is the most widely used titanium alloy in PBF technologies due to its high strength,
low weight, biocompatibility, and corrosion resistance which has made it a suitable raw material
for aviation, space, biomedical, and chemical applications [44]. Two batches of Ti64 powder with
different PSD ranges (i.e., 15-53 um and 15-45 pum) were utilized for fabrication, whose
morphological and rheological characteristics were thoroughly characterized and used to correlate
with the variations observed in tensile and fatigue properties of the fabricated parts. To investigate
the location dependency of microstructural, defect, and mechanical properties, parts were placed
across different locations on the build plate in the powder distribution direction and tracked during
fabrication. This article is arranged as the following: Section 2 Methodology, Section 3
Experimental Results, and Section 4 Discussion on Experimental Results. Finally, conclusions are
drawn in Section 5 based on the results and discussion.

2.2.  Methodology

In this study, two powder batches of Advanced Powders and Coating (AP&C) plasma
atomized spherical Ti64 Grade 23 with two different PSDs of 15-53 pm and 15-45 um were used
for fabrication. Hereon, the two powder batches are referred to respectively as “coarse” and “fine”
throughout the manuscript. The chemical composition following the ASTM F3001 [45] and
measured based on ASTM E1409, E1447, E1941, and E2371 [46—49], as well as Dio, Dso, Doo
sizes obtained by laser diffraction according to ASTM B822 [50] for both batches are reported in
Table 1. The Dx value signifies the x™ percentile particle size, i.e., x% of the particles are smaller
than Dx um [10]. The span value is defined as the (D9o-D10)/Dso [20]. Both batches were sieved

using an 80-um filter before loading the feedstock bin to ensure there are no exceedingly large
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particles or agglomerates in the batch. The same layout (shown in Fig. 2(a) and Fig. 2(b)) was
designed and used for fabrication from both powder batches via EOS M290, an L-PBF AM
machine, using the process parameters listed in Table 2. In this table, the energy density level
associated with the infill parameters was also calculated which was the ratio of laser power to
hatching distance, scanning speed, and layer thickness [51].

Table 1 Chemical composition and D10, Dso, and Dog parameters of the coarse and fine Ti64
powder batches.

Powder Coarse Ti64 Fine Ti64 Testing Method
Element (Wt.%)
Al 6.394 6.409
\% 3.920 3.933
Fe 0.204 0.202 ASTM E2371
Y <0.001 <0.001
(0] 0.096 0.118
N 0.015 0.014 ASTM E1409
H 0.002 0.002 ASTM E1447
Others Each <0.080 <0.080
Others Total <0.200 <0.200 AU
Ti Balance Balance -
Particle Size Distribution (PSD)
D1o 23 um 20 pm
Dso 45 pm 34 um ASTM B822
Doo 57 pm 44 um
Span 0.76 0.71

In the build layout, 32 net-shaped fatigue specimens (geometry according to ASTM E466
[52]) to be tested in the as-built surface condition were included (see Fig. 2(c)). In addition, 60
cylindrical rods were fabricated, among which, 24 rods were machined to the geometries of fatigue
specimens (20 rods) according to ASTM E466 [52] (see Fig. 2(d)) and tension specimens (4 rods)
according to ASTM E8M [53] (see Fig. 2(e)) and were tested in the machined surface condition.
Two tensile tests were performed for per powder batch per location. The build layout also
contained some half-built cylindrical bars (referred to hereafter as microstructural samples) which

were used to characterize the microstructure representative of the build height at the gage of the
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test specimens. The specimens were specifically placed in two locations, including the East, i.e.,
closer to the feedstock bin, and the West, i.e., farther away from the feedstock bin to investigate
the effects of location on the mechanical properties as well.

Table 2 EOS M290 Infill and contour process parameters for Ti64 along with the calculated
energy densities.

Hatching Layer

Parameter Laser Power Scanning Speed . . Energy Densit
Set P (W) vV (m%n /s[; Distance  Thickness E EgJ);mm3) y
H (mm) t (um)
Infill 280 1200 0.14 30 55.6
Contour 150 1250 - 30 -

After fabrication, parts were detached from the build plate then annealed at 900 °C for 1 hour
and furnace-cooled in an argon environment. This heat treatment of L-PBF Ti64 has been reported
to decompose its martensitic microstructure and result in lamellar o+ and slightly higher fatigue
strength as compared to stress relief at 740 °C for about two hours [54]. Before the test, the
machined specimens were polished using sandpapers with reducing grit. Tensile tests were
performed in displacement-controlled mode with a nominal strain rate of 0.001 mm/mm/s
according to ASTM E8M [53] via MTS Landmark servohydraulic axial test system equipped with
a 100-kN load cell. An extensometer was attached to the specimen initially and was removed at
0.05 mm/mm strain to protect the extensometer from any damage. The tensile tests were continued
until fracture in displacement-controlled mode. After the fracture, true fracture strain &, 0.2%
offset YS, and UTS were measured and calculated. The fracture surfaces of some tensile test
specimens were examined using the Zeiss Crossbeam 550 scanning electron microscope (SEM).

In addition, fully-reversed fatigue tests (Rs= -1) were conducted in the force-controlled mode
for both as-built and machined specimens based on ASTM E466 [52] using an MTS Bionix
Tabletop axial test system supplied with a 25-kN load cell. Different stress levels were applied on
specimens to acquire properties in high- and mid- cycle fatigue (HCF and MCF) regimes. Test
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frequency was chosen at each stress level to ensure a constant average cyclic strain rate for all
specimens. Each test was continued until the complete separation of the specimen. After failure,
both pieces of the fractured specimen were protected for further fracture surface analysis. All tests
that endured 5x10° cycles (i.e., 107 reversals) were stopped and considered as run-out (no failure)
tests. Fracture surfaces of fatigue specimens were later investigated via a Keyence VHX-6000
digital optical microscope. Using microscopy, the crack initiation sites were identified and the
defect size was measured with the built-in software.

The R, surface roughness, i.e., the arithmetical mean height of profiled lines, was evaluated
in all East and West as-built specimens fabricated from either coarse or fine powder batches using
the Keyence microscope. The measurements were performed in a 3-mm length in the gauge section
from five different locations to verify the results. To capture the defect content, 2 machined fatigue
specimens per powder type in each location (a total of 8 specimens) were selected and scanned via
Zeiss Xradia 620 Versa at 140 kV voltage and 21 W power. The source and detector were
positioned in a way to reach a voxel size of 6 um. Finally, the Zeiss built-in software was used to
reconstruct the images. Reconstructed images were then processed with ImagelJ to assess the defect
distributions. In addition, 3D visualizations were generated via Dragonfly software.

Microstructural samples were cut parallel to the building direction, mounted in the
longitudinal plane, and were polished to achieve a mirror-like surface finish. After polishing,
electron backscatter diffraction (EBSD) scans were performed via the Zeiss Crossbeam 550 SEM
to obtain the microstructure. The Freeman Technology FT4 powder rheometer was also used to
characterize the rheological properties of powder batches, which were sampled following ASTM
B215 [55] before and after the sieving process from the feedstock bin. Powder characteristics

including compressibility, permeability, cohesion, conditioned bulk and tapped densities (ASTM
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B527 [56]), and shear stress (ASTM D7891 [57]) were quantified via FT4. Particle morphology
and surface chemistry were also evaluated by the SEM and energy-dispersive X-ray spectroscopy
(EDS). Lastly, the PSDs were assessed via a Beckman Coulter LS 13 320 laser diffraction particle

size analyzer according to ASTM B822 [50].
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Fig. 2 Fabrication layout in (a) isometric and (b) top views. The layout consisted of (c) as-built

fatigue specimens according to ASTM E466 with a gage diameter of 6 mm [52] and cylindrical

bars which were machined to (d) fatigue specimens with a gage diameter of 5 mm according to
ASTM E466 [52] and (e) round tension test specimens according to ASTM E8M [53].

2.3. Experimental Results
2.3.1. Powder Characteristics

The morphology of both powder batches in the unused (i.e., virgin) condition was assessed
via the SEM and shown in Fig. 3(a)-(b). It appears that both coarse and fine batches consist of
highly spherical particles that are relatively uniform in size, despite a few irregularly-shaped ones
that may form due to the atomization process or powder handling. These features are consistent
with the output of plasma atomization, which typically produces very spherical particles, narrow
PSDs, and fewer internal defects (i.e., gas-entrapped pores in powder particles) [9,10,12]. In the
magnified views in Fig. 3(a)-(b), some fine particles as well as satellites, are present in both
batches. It needs to be emphasized that 2D morphological analysis may not completely represent
the 3D features of powder particles. Ideally, 3D morphological analysis using X-ray CT is
recommended [58—61] to obtain particle geometries accurately.

As seen in Fig. 3(c), the surface chemistry in terms of the major alloying elements (i.e., Ti,
Al, and V), obtained from EDS and performed on the shaded particles in Fig. 3(a)-(b) revealed no
significant difference between the fine and coarse powder particles. Moreover, there was a higher
oxygen content in the unused fine powder than in the coarse one. Although the weight percentages
of elements provided by EDS may not be exact, the qualitative comparison it offers is still valid.
The PSD curves of both powder batches are also shown in Fig. 3(d). As seen in this figure, the
coarse powder had a bimodal size distribution and contained more large particles (> 45 um). In
addition, more finer particles (< 20 um) were present in the fine powder batch (12% in the fine vs.

8% in the coarse).
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Fig. 3 Powder particles’ morphology of the (a) coarse and (b) fine plasma atomized Ti64 powder
batches as well as (c) the surface chemistry from shaded particles in the magnified images
measured via EDS. The powder PSD curves for both batches are also shown in (d).

To achieve a better understanding of how the PSD and morphology can affect the powder
flow behavior, the rheological properties of both powder batches were measured. A summary of
all rheological properties obtained from FT4 along with their definitions is reported in Table 3. In
this table, powder characteristics are given after the sieving process, as the powder that was used
for the fabrication. A higher basic flowability energy value is typically associated with lower

flowability. As reported in Table 3, both powder batches have comparable basic flowability energy
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values after sieving, with that of the coarse powder being slightly higher. This trend correlates with
the PSD spans of 0.71 and 0.76 for the fine and coarse powder batches, respectively (see Table 1).
Generally, a powder with a lower span (i.e., narrower PSD) has higher flowability [33].

The specific energy, measured with basic flowability energy in the same test sequence, is also
related to flowability. Since it is measured while the blade is moving upwards, specific energy
represents the flowability in a low-stress environment. Specific energy values smaller than five
can indicate powder with low cohesion. The very close basic flowability energy and specific
energy measures of both batches indicate comparable flowabilities and cohesivity between them,
which is also reflected in their identical cohesion values of 0.1 kPa.

Table 3 A summary of powder rheological and bulk characteristics obtained in this study along
with the definition of powder rheological characteristics adapted from [62].

Powder Characteristic Fine Powder Coarse Powder
Basic Flowability Energy (mlJ) 280 £ 3.6 282.0+2.5
Specific Energy (mJ/g) 1.6+£0.2 1.8+0.1
Conditioned Bulk Density (g/mL) 2.6+0.2 2.8+0.0
Tapped Density (g/mL) 2.8+0.0 29+0.0
Compressibility (%) 2.6+£0.5 33+0.1
Cohesion (kPa) 0.10+0.00 0.10+0.02
Pressure Drop (mBar) 9.5+0.6 7.1+£0.2
Aeration Energy (mJ) 53+0.9 5.0£0.3

Definition of Powder Rheological Properties
Basic Flowability Energy: Amount of work done while moving the blade within the powder bulk in
a downward motion
Specific Energy: Amount of energy to move the blade within the powder bulk in an upward motion
in an unconfined (i.e., low stress) environment as there is no constraint on top of the powder bulk
Conditioned Bulk Density: The bulk density of the powder in a low-stress condition
Tapped Density: The bulk density of the powder when it is consolidated
Compressibility: Shows the change in volume as a function of applied normal stress
Cohesion: Amount of shear stress needed to flow the powder while the applied normal stress is zero
Pressure Drop: Indicates how easily the gas can permeate the powder while is under applied
compression (3 kPa) and the gas flows from below the powder bulk
Aeration Energy: Indicates how easily the powder fluidizes when it is subjected to gas flow
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While the fine and coarse powder batches had different PSDs, similar conditioned bulk and
tapped densities were recorded, with slightly higher density values for the coarse powder batch.
This was likely because powders with a wider PSD span can occupy space more efficiently and
typically have higher theoretical packing densities, even though the actual powder bed density is
typically lower than its theoretical packing density [63]. However, the compressibility, which
measures how powder reacts to compaction under the recoater arm, of the coarse powder (3.3%)
was slightly higher than the fine powder (2.6%), although both values were low. When agitated,
powder particles tend to segregate into different size groups [64] (see schematic illustration
provided in Fig. 4). For the coarse powder, the segregation depicted in Fig. 4 also tends to be more
severe than the fine powder due to its wider PSD span, and it is more likely to contain regions of
mixed particle sizes and agglomerates. As finer particles in a wide PSD powder batch typically
tend to adhere to other particles due to their high surface/volume ratio and interparticle friction
[10], they form agglomerates which have lower flowability and tend to create empty spaces around
them. The empty spaces around these agglomerates most likely are the reason for the slightly
higher compressibility of the coarse powder [10,33]. The more pronounced empty spaces within
the coarse powder can form pathways of higher gas permeability which should lead to a lower
pressure drop, which was indeed the case. As shown in Table 3, the coarse powder had a pressure
drop of 7.1 mBar, while the fine powder had a pressure drop of 9.5 mBar.

Aeration energy is a measure of how easily the powder fluidizes when subjected to gas flow
and is also relevant to the AM process. Lower aeration energy is generally desired for the PBF
process to help achieve a more uniform powder bed with a higher powder bed density (PBD) and
lower mechanical interlocking between powder particles [20]. Table 3 shows quite comparable

aeration energies for both powder batches.
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Fig. 4 Schematic illustration of the coarse powder bed particle arrangement.
2.3.2. Microstructure Characterization, Defect Distribution, and Surface Roughness

Upon investigation of the microstructural samples in the longitudinal plane (longitudinal
direction aligned with build direction) of fabricated specimens from the coarse powder, a
Widmanstitten microstructure was seen in the non-heat-treated (NHT) condition as shown by the
inverse pole figure (IPF) maps in Fig. 5. Even though the characteristic cooling rate around the
solidification temperature of L-PBF processes around 10° K/s can result in pure o’ (and or o)
martensites, the repeated reheating during the layer-by-layer fabrication likely have partially
decomposed the martensitic phase [32]. Indeed, the EBSD scans revealed a 3 phase fraction of
1%, consistent with the values reported from other studies in the NHT condition [65]. No
difference in phase fraction was detected between the specimens fabricated from the coarse and
fine powder batches in the NHT condition. The remaining phases, occupying 99% of volume, are
a mixture of a and o’(a”). Indeed, in the annealed condition, further decomposition of the
martensitic phase resulted in a 3 phase fraction of ~29%.

Microstructures of the coarse (Fig. 5(a)) and fine (Fig. 5(b)) powder specimens in the NHT
condition were obtained from the microstructural coupons placed in the East location. It is evident
from the IPF maps that prior-f columnar grains are mainly elongated towards the building
direction which is the primary path of heat dissipation [66]. Finally, the lath thickness was

measured for the NHT and annealed coarse as well as the NHT fine conditions from the IPF maps.
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As seen in Fig. 5(d), the lath thickness was slightly coarser for the fine powder batch in NHT
condition. The large error bars are consistent with the significant variation in the lath thickness in
each condition. Additionally, the mean lath martensite thickness was seen to slightly increase from

the NHT to the annealed coarse condition.
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Fig. 5 Microstructure of L-PBF Ti64 for the (a) NHT coarse, (b) NHT fine, and (c) annealed
coarse powder specimens along with (d) lath thickness for all the conditions.

To investigate defect distribution inside the specimens before testing, two specimens were
selected from each location (i.e., East and West) of each powder batch for X-ray CT. The 3D

visualizations performed are presented in Fig. 6(a). Additionally, a bar chart showing the size
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distribution of defects normalized for a 10-mm? sample size inside the representative gage sections
is presented in Fig. 6(b). Fig. 6(b) shows that the coarse powder specimens fabricated in the West
location tend to yield fewer defects in all defect size ranges than the ones fabricated in the East
location. In the case of the fine powder, it appears from Fig. 6(b) that the number of defects was
less in these specimens as compared to their counterparts from the coarse powder regardless of the
location. The larger population of defects in the coarse powder specimens can be attributed to the
“empty spaces” formed from the non-uniformly distributed powder and the potentially higher
cooling rates when this powder batch was used for the fabrication. Coarser powder tends to have
higher cooling rates due to the lower surface-to-volume ratio of the larger powder particles which
reduces the energy absorption efficiency [36,40]. The total number of defects in the 10-mm?
volume of the gage section was 18 and 12 for the coarse powder specimens in East and West, and
4 and 2 for the fine powder in East and West locations.

Some very large defects, however, were still evident in these fine powder-fabricated
specimens (the maximum defect sizes in um observed in each specimen are marked on the “>40
um’ bar in Fig. 6(b)). The maximum volumetric defect sizes were 171 and 130 um in the fine and
113 and 83 um in the coarse powder specimens, depending on location. Note that the size of a
volumetric defect was calculated as the diameter of the sphere with equal volume. It is also
important to note that all specimens, regardless of the powder type or location, had overall densities

greater than 99.99% based on the X-ray CT scans.
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Fig. 6 3D visualizations of defect population in the coarse (depicted by red) and fine (illustrated
by blue) powder specimens placed in different locations of the build plate, and (b) histograms
demonstrating the volumetric defect in 10 mm3 sample size from the representative specimen

gage sections. The maximum defect size (in pm) for each condition is labeled on the
corresponding bar.

The surface roughness of all as-built specimens fabricated from coarse and fine powder
batches in the gage sections was measured using R, — the arithmetical mean height of line profiles.
As shown in Fig. 7(a), even though the mean values of R, showed slight variations as a function
of build location as well as PSD, significant overlaps in the error bands are also evident. The
specimens fabricated from the coarse powder had slightly higher surface roughness as compared
to those from the fine powder which has been attributed to the higher energy density level required

by coarser particles to achieve a full melting in some studies [9,40]. In addition, the surface profiles
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of a coarse powder specimen and a fine powder specimen in the East location are shown in Fig.
7(b). A large amount of partially melted powder particles were seen to adhere to the surfaces of
both specimens. However, they were more frequent and larger in the case of the coarse powder
specimen, which further explained the higher measured surface roughness.

Within the build with fine powder, it was found that the West specimens had almost
comparable surface roughness compared to the East ones. However, this location dependency of
surface roughness was more for the specimens fabricated from the coarse powder. Such PSD-
specific location dependency may be attributed to the possible segregation of finer and coarser
particles given rise to the “front stress-free turning powder wedge” behavior proposed in some
studies [41,43]. For instance, Jacob et al. [41] reported that during powder spreading, finer particles
tend to move to the bottom of the powder bulk, and consequently, are deposited closer to the
dispenser while coarser ones might deposit near the overflow bin (i.e., collector). Another possible
reason may be that some of the West specimens (i.e., Southwest) were closer to the spatter-rich
region in the L-PBF machine which has been shown to result in higher surface roughness values

[67].
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Fig. 7 (a) Ra values for the specimens manufactured from the coarse and fine powder batches in
East and West locations, and (b) surface profile micrographs for a coarse and a fine powder
specimen located in the East.

2.3.3. Tensile Behavior

Quasi-static tensile tests were performed on both sets of specimens fabricated from coarse and
fine powder batches. As explained in the experimental setup, all tensile tests were paused at 5%
strain to remove the extensometer to prevent damage, as such &r was measured after the tensile
test. In Fig. 8(a), the tensile properties, including UTS, YS, and &f, measured from this study as
well as the minimum requirements for L-PBF Ti64 specimens fabricated vertically (i.e., along the
Z-axis) based on ASTM F2924 [68] are provided. Concerning the location, it seems that tensile

properties including UTS, YS, and &r are independent of location on the build plate.
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Regarding the effects of particle size on the tensile properties, it can be seen from Fig. 8(a)
that there were negligible changes in UTS and Y'S between the specimens manufactured from fine
and coarse powder batches. This behavior can be correlated well with the similar microstructure
that was seen in the specimens fabricated from both batches. However, the &r in fine powder
specimens was lower than the coarse powder specimens which might be due to the larger
maximum defect sizes in fine powder specimens (see Fig. 6(b)) and the higher oxygen content in
the fine powder (see Fig. 3). While a higher strength might be expected due to higher content of
oxygen in fine powder, almost comparable strength was noted which can be attributed to the
strengthening effect of slightly thinner lath martensite in the coarse powder [69,70]. The
engineering stress-displacement behavior is also shown in Fig. 8(b) and (c) for the specimens

tested from the East and West locations.
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Fig. 8 (a) Quasi-static tensile properties of L-PBF Ti64 specimens fabricated from coarse and
fine powder batches and different locations along with the minimum requirements according to
ASTM F2924. All specimens have been annealed prior to testing. Since only two tensile tests
were performed per condition, the two ends of an “error” bar represent the two measurements of
a property for a given location and powder batch, while the markers represent the mean values
and (b) and (c) engineering stress-displacement curves for both fine and coarse powder batches
in the East and West, respectively.

2.3.4. Fatigue Behavior & Failure Analysis

The axial fatigue behaviors of both as-built and machined specimens from different locations
on the build plate and fabricated from coarse and fine powder batches are presented in Fig. 9. It is
evident from Fig. 9(a) that the difference between the fatigue lives of as-built specimens fabricated

from both batches is relatively small in the MCF (<10° reversals to failure) and HCF (>10°
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reversals to failure) regimes. In addition, regardless of the powder type, it seems that the West as-

built specimens have slightly lower fatigue resistance compared with the East as-built ones in the

HCF regime.
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Fig. 9 Fatigue performance of L-PBF Ti64 specimens fabricated from coarse and fine powder
batches from the East and West locations in their (a) as-built and (b) machined surface
conditions. All specimens have been annealed before testing. The grayed-out markers in each
subfigure represent the opposing surface condition for each comparison (i.e., machined in (a) and
as-built in (b)).

In the machined condition (see Fig. 9(b)), it was seen that the coarse powder specimens have

higher fatigue resistance as compared to fine powder specimens in the MCF regime. This behavior
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was following the observations reported in [ 18], which can be attributed to the higher ductility of
the coarse powder specimens. In low-cycle fatigue (LCF) and MCF regimes (i.e., higher stress
levels), crack growth accounts for a more significant portion of the overall fatigue life [71].
Therefore, the higher ductility of the coarse powder specimens may imply higher fracture
toughness and larger crack size at fracture which typically increases the crack growth life. At the
lower stress level (i.e., 400 MPa), the coarse powder specimens still appear to outperform the fine
powder ones (note the three runouts in coarse condition vs. no runouts in fine condition) despite
the more significant data overlap. This is consistent with the observation that the largest defects in
the fine powder specimens being larger than those in the coarse powder ones, although in general
more volumetric defects were detected in coarse specimens. In addition, increasing scatter in data
was noticed with decreasing stress levels, which can be ascribed to the more prominent effect of
defects in these conditions [7,33,72]. As to location dependency in the machined specimens, no
apparent trend was seen between the fatigue lives of East and West specimens manufactured from
either powder batches. A summary of all force-controlled fatigue tests is reported in Table 4.

Table 4 A summary of fully-reversed (Rs = -1) force-controlled fatigue tests for L-PBF annealed
Ti64 specimens in both as-built and machined surface conditions.

Specimen ID c, 2Nr - Fine 2Nr - Coarse Location Surface
(MPa) (Reversals) (Reversals) Condition
019 400 24,538 30,634
008 400 32,712 28,332
009 300 92,984 80,398
106 300 84,678 N/A West
010 200 196,858 316,330
017 200 422,610 532,308
018 150 10,000,000 10,000,000 As-built
087 500 17,284 14,250
034 500 18,822 16,524
042 400 39,650 39,856 East
077 400 37,628 32,170
043 300 73,322 111,686
078 300 104,584 100,376
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033 200 420,944 1,318,620

086 200 773,836 862,818

079 150 10,000,000 10,000,000

044 150 10,000,000 10,000,000

104 700 11,388 38,324

011 700 12,996 34,098

014 600 40,338 67,876

112 600 22,510 65,350

110 500 93,098 2,744,548 West
012 500 136,838 155,384

013 400 757,194 219,854

111 400 990,378 220,690

098 400 5,630,226 10,000,000

015 350 10,000,000 10,000,000 Machined
037 700 21,996 37,250

085 700 17,992 19,958

038 600 40,142 112,776

082 600 61,686 73,630

040 500 165,706 201,716 East
084 500 42,282 172,172

039 400 4,992,374 10,000,000

083 400 145,146 639,024

076 400 7,049,054 10,000,000

044 350 10,000,000 10,000,000

While fracture surfaces of all specimens were characterized from the digital optical
microscope, only a few notable fractography images were presented in this article (see Fig. 10 and
Fig. 11). Fig. 10(a), (b), and (c) present fracture surfaces of as-built specimens tested at ca= 300
MPa and a frequency of 4 Hz for the coarse powder in East and West as well as the fine powder
in East, respectively. As seen in these figures, cracks initiated in multiple locations in each
specimen from the rough surfaces of both coarse and fine powder specimens in East and West
locations, resulting in similar fatigue lives within the range of 80,398 and 104,584 reversals to
failure. It is well established that rough surfaces of AM parts, which are mainly derived from

partially-melted powder particles and the stair effect due to the layer-by-layer fabrication, can

54



behave like micro notches [73]. These micro notches on the surface can drastically deteriorate the

fatigue resistance of AM parts when they are subjected to cyclic loading conditions.

L-PBF Coarse Ti64
(East As-built)
2N¢= 200,752 reversals

L-PBF Coarse Ti64
(West As-built)
2N;= 160,796 reversals

L-PBF Fine Ti64
(East As-built)
2N;= 209,168 reversals

(c)

Fig. 10 Fracture surfaces of L-PBF annealed Ti64 specimens in their as-built surface conditions
for the coarse powder specimens in (a) East and (b) West, as well as (¢) fine powder specimen in
the East. All specimens were tested at ca= 300 MPa. Crack nucleation sites are indicated with

white arrows.
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In the machined condition, however, as the surface micro notches are removed, cracks mainly
start from the internal or near-surface volumetric defects (i.e., gas-entrapped pores and lack-of-
fusion defects). Fig. 11(a)-(d) shows the fracture surfaces of the coarse and fine powder specimens
from the East and West locations and tested at 6.= 500 MPa. It is evident that cracks initiated from
near-surface gas-entrapped pores in the two coarse powder specimens in East and West with
fatigue lives of 201,716 and 155,384 reversals to failure, respectively. The equivalent defect size
(i.e., Varea pm) was also calculated based on Murakami’s principles [74], and it is labeled on
each image. Unlike the coarse powder specimens, in the fine powder ones, cracks mainly initiated
from internal defects (see Fig. 11(c)-(d)). Although these defects were farther away from the
surface of the specimens, the defect sizes were appreciably larger than the coarse powder
specimens, resulting in fatigue lives of 165,706 and 136,838 reversals to failure in the East and

West specimens, respectively.
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Fig. 11 Fractures surfaces of L-PBF annealed Ti64 specimens in the machined surface condition
for the coarse powder specimens in (a) East and (b) West, as well as the fine powder specimens
in (c) East and (d) West. All specimens were tested at ca= 500 MPa. In these images, the crack
initiation sites are also portrayed with yellow shade in the magnified views. Arrows are also
placed toward the crack initiating defects in all images.

2.4. Discussion on Experimental Results
2.4.1. Effect of powder characteristics on the surface and volumetric defects

On average, the coarse powder specimens had slightly higher Ra values as compared to the
fine powder specimens (see Fig. 7(a)). The higher R, values of the coarse powder specimens can
be explained by the existence of larger particles in the coarse batch, which typically have a lower
absorptivity. Therefore, particles on the surface may not completely melt resulting in a higher
surface roughness [40] (see Fig. 7(b)). Concerning the effects of part location, it was noted that

the coarse powder specimens located in the West had generally higher R, values as compared to
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the East ones. However, this difference was less obvious for the fine powder specimens due to its
slightly lower mechanical interlocking (i.e., lower specific energy and basic flowability energy)
and consequently better flowability, and more uniform powder bed [20]. In addition, the narrower
PSD span of the fine powder could also reduce the severity of particle size segregation during
spreading.

As evident in Fig. 6(a) & (b), the coarse powder specimens contained a higher number of
defects though the maximum defect size for fine powder specimens was larger. The higher defect
population in the coarse powder specimens could have been derived from multiple factors. First,
the coarse powder had an inferior packing state as compared with the fine powder batch due to its
more severe powder size segregation. Therefore, when the regions of low packing densities in the
coarse powder batch are melted, porosity is more probable to form. This is exacerbated by the fact
that coarser particles require more input energy to completely melt [40] due to their lower
absorptivity [75] associated with their lower surface-to-volume ratio. Effectively, when the regions
of coarser particles in the powder bed are melted, the cooling rate is higher, leading to the
formation of more defects [4].

Interestingly, the maximum defect sizes detected by the X-ray CT were 130~171 pum in the
fine and 83~113 um in the coarse powder specimens. Observing larger-sized defects in the fine
powder specimens which possessed a superior packing state was rather surprising. The presence
of substantially large defects in the fine powder specimens appears to be the result of spattering.
Indeed, the crack initiation sites in the fatigue specimens and fracture nucleation sites of the tensile
specimens fabricated from the fine powder were rich in Si, which could have been induced by
spatters resulting in the formation of large pores (see Fig. 12). The Si is often added to Ti-6Al-4V

to enhance its resistance to oxidation and creep, as well as to increase its tensile strength [76,77].
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The Si-rich regions in Ti64 tend to form a mixture of TiSix, TiO2, and SiO; phases [78]. Among
the compounds, the melting point of TiSix is substantially lower than Ti (liquidus temperature of
1330 °C for Ti-Si alloy compared to 1670 °C for Ti); besides, the SiO> phase has a decomposition
temperature of only 1861 °C in oxygen lean environments (similar to the build chamber which is
purged in argon) [79] (note that the boiling point for Ti is over 3200 °C). When interacting with
laser, the Si-rich powder particles would likely melt early, and the contained SiO; phase rapidly
decompose into Si and gaseous O». The explosive formation of the gaseous O within the melted
Si-rich powder particles was likely the cause of the Si-rich spatters observed within the specimens.
Both batches had approximately the same level of Si, yet the fine batch had higher oxygen pickup
due to the higher surface-to-volume ratio. The higher oxygen content in the fine powder most
likely had formed more SiO,, which results in more spatter in the fine powder specimens. Indeed,
other possible factors may also exist resulting in the observation of larger defects in the case of

fine powder which necessitates further investigations.

Ti K series Al K series

50 pm
—

C K series

Fig. 12 EDS maps on the fracture surface of an L-PBF annealed Ti64 specimen manufactured
from the fine powder.
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Concerning the effects of location, it was observed that the number of defects in the specimens
manufactured from the coarse powder and placed in the West was, to some extent, lower as
compared to their counterparts located in the East. Such location dependency of defect population
may be attributed to the possible segregation of finer and coarser particles by spreading, i.e., the
“front stress-free turning powder wedge” behavior proposed in some studies [41,43] and somewhat
lower flowability of the coarse powder. Finer particles tend to be deposited closer to the dispenser,
while coarser ones can be spread further due to their wider PSD, resulting in the formation of more
loosely packed regions in the East. In contrast, the fine powder specimens located in the East and
West had almost similar number of defects, which could be ascribed to its more uniform PSD (i.e.,
lower span) and consequently, the higher powder flowability.

2.4.2. Effect of powder characteristics on tensile behavior

As seen in Fig. 8, the coarse and fine powder specimens had comparable UTS and YS. Tensile
YS is primarily governed by the microstructure of the parts and is not expected to be different
between the specimens fabricated from the two powder batches as there were no significant
changes in the microstructure (see IPF maps shown in Fig. 5). In addition, since Ti64 is well known
for its low strain hardenability, the UTS is typically not much higher than the YS and is not
sensitive to ductility. In terms of ductility, it was observed that the coarse powder specimens
possess superior & which is consistent with the observations reported in [18,40]. The lower
ductility of fine powder specimens can be attributed to the presence of larger volumetric defects
due to spattering and their higher oxygen content which likely have increased the material’s
sensitivity to defects.

Fracture surfaces of the tensile specimens, presented in Fig. 13, revealed different fracture
mechanisms for the coarse and fine powder specimens, with the former being ductile and the latter

being brittle. The fracture of the coarse powder specimens occurred after the onset of necking and
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its surface resembles the classic cup and cone feature, which had a fibrous central region
surrounded by an annular shear lip (see Fig. 13(a)). The fibrous region is the result of the
nucleation, growth, and subsequent coalescence of the voids during the tensile loading driven by
the hydrostatic tension in the neck. Some of the voids were nucleated in a homogenous fashion
and appeared as dimples on the fracture surface. Others grew from volumetric defects which are
indicated by black arrows in Fig. 13(a).

Plan view Angled view: Side A Angled view: Side B

(a)

Coarse powder specimen

-~

(b)

Fine powder specimen

Fig. 13 Fracture surfaces of L-PBF annealed Ti64 tensile specimens in the (a) coarse and (b) fine
powder specimens. Black arrows indicate the location of pores, while the yellow arrow in (b)
points to the defect responsible for the onset of fracture for the fine powder specimen. The white
dashed arrows in (b) mark the direction of fracture.

In contrast to the coarse powder specimens, the fracture of the fine powder specimens occurred
without clear evidence of necking and under a different mechanism. As shown in Fig. 13(b), the
fracture surface lacked a central symmetry and featured a central flat region that was open to the
specimen’s external surface from one side. Relatively large defects, such as the one indicated by
the yellow arrow in Fig. 13(b), were always observed at the opening. The flat region was partially

surrounded by the shear lips. Closer inspection also revealed that the river marks [80] on the flat
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regions converged toward its opening to the specimen surface, suggesting the opening to be the
initiation site for fracture. The initiation of fracture was likely due to the close interaction between
the defect (indicated by the yellow arrow in Fig. 13(b)) and the specimen surface. The flat region
is the plane strain portion of the unstable propagation of the tensile crack, while the shear lip is the
plane stress portion. Occasionally, a large defect could be found in the interior of the fracture
surface residing either on a “plateau” or in a “basin” (see Fig. 13(b)). In such cases, although
secondary cracks initiated from these internal defects, their propagation was suppressed by the
main crack. These defects did not reside on the same plane with the main crack, therefore the
secondary cracks formed plateaus/basins when they joined with the main crack.

The difference in the fracture mechanisms in the two specimen batches is likely due to the
different defect and oxygen contents. In coarse powder specimens, the maximum size of the defects
was significantly smaller and the oxygen fraction was lower than those in the fine powder
specimens. Therefore, even though the number of defects per volume was higher than that of the
fine powder specimens, the surface cracks formed due to the near-surface defects in coarse
specimens, if any, did not have sufficient stress intensity factors under loading to induce fracture.
This permitted necking and resulted in the typical ductile fracture. Conversely, the much larger
although fewer defects in the fine powder specimens (where the oxygen content was higher)
formed cracks that were large enough to induce surface-originated, brittle mode fracture. Despite
the low number of defects per volume, the probability of finding a large defect near the specimen
surface was still relatively high.

2.4.3. Effect of powder characteristics on fatigue behavior

When the fatigue performance of specimens in their as-built surface condition was
investigated, negligible changes between the coarse and fine powder specimens were noted (see

Fig. 9(a)). This observation was following the R, results which showed almost identical values for
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both batches (see Fig. 7(a)). In the case of location, some improvement in fatigue resistance of as-
built coarse specimens located in the East was seen as compared with the ones in the West in the
HCF regime (> 10° reversals to failure), which was consistent with the higher R, of coarse powder
specimens in the West location. The higher fatigue resistance of coarse powder specimens in the
East can be attributed to the more prominent effects of surface roughness in the HCF regime [71].
The similar trend was less pronounced for the fine powder due to its slightly higher flowability,
which also agreed with the Ra results in Fig. 7(a). Regardless of the powder and the location, cracks
initiated from the surface of as-built specimens, resulting in final fatigue failures (see Fig. 10).

In the machined surface condition, a higher fatigue resistance was generally observed for the
coarse powder specimens (see Fig. 9(b)), which was more discernible at higher stress levels, i.e.,
0. 2 500 MPa. The fatigue lives on these stress levels are mostly in the MCF regime, where the
crack propagation stage occupies a significant portion of the total fatigue life. The coarse powder
specimens provided slightly better ductility which may be beneficial for their MCF resistance. At
lower stress levels (such as o, = 400 MPa), the advantage of the coarse powder specimens became
less clear. Nevertheless, it is still important to note the two coarse powder specimens from the East
and one from the West reached run-out at this stress level, while none of the fine powder specimens
did. In the HCF regime (such as at the stress level of o, = 400 MPa), fatigue life is governed by
crack initiation which often occurs at defects. The reason for the significant overlap in fatigue data
at this stress level may be explained by the uncertainty in the maximum defect size in each
specimen. This is evident from the defect size (measured by v/area pum) reported in Fig. 11, where
both larger and small fatigue critical defects could present in either batch of specimens even though

those in fine specimens were generally larger.
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To formally assess the uncertainty in the size of crack initiating defects in both batches of
specimens, varea for these defects projected onto the loading plane was measured from the
fracture surfaces following Murakami’s approach [74], and its distribution was analyzed using
extreme value statistics [32,81]. Since only the information of crack initiating defects were
involved in the analyzes, the outcome could shed light on the size (v/area) of the most detrimental
defects within a batch of specimens [82]. Although the analysis was performed on fatigue
specimens, the knowledge can provide insights towards the statistics of extreme defects in larger
components fabricated with the same process parameters, as long as the surface to volume ratio is
similar [32]. Gumbel distribution, which was shown to describe the size distribution of extreme
defects well [32], has been adopted in this study following the approach established in Refs.
[82,83].

The empirical cumulative distribution functions (ECDF) for all crack initiating defects for
both fine and coarse powder specimens in machined conditions are shown in Fig. 14(a) according
to the extreme value statistics by Gumbel [82—85]. Note here that all of these defects were
volumetric ones which were ranked according to their v/area from small to large. As shown, the
Gumbel ECDF is presented as the reduced variate:

Y; = —In (—In(F))) (1)

where F; = i/N + 1, with i being the rank of the current crack initiating defect, and N is the
total number of crack initiating defects identified in each specimen batch (there were only one or
a few of these defects per specimen). If the relation between the varea and the reduced variate ¥;
is linear, then the distribution follows the Gumbel distribution. Agreeing with the literature

[18,32,86], Fig. 14 (a) shows that the size distribution of crack initiating defects well obeys the
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Gumbel distribution (R? = 0.9554 and 0.9484 for coarse and fine powder specimens, respectively),

whose cumulative distribution function is given as:

F(Varea) = exp (— exp (— \/Tga_l)) )

where A and 6 are the location and scale parameters of the extreme value distribution. The
location parameter (A) gives the varea value that corresponds to the peak of the corresponding

probability density distribution (PDF) function, which is given as:

G(Varea) = exp(— ((\/T?I_A) + exp (— @_A)» (3)

The scale parameter (d) represents the spread of data, i.e., larger o corresponds to wider
distribution, and is used to “scale” the standard Gumbel distribution to best fit a data set. The
location and scale parameters in the Gumbel distribution functions are given in Table 5 for both
coarse and fine specimens. As seen in Fig. 14(a), the largest crack initiating defects in the coarse
and fine powder specimens were 64 and 109 pm, respectively. In addition, the corresponding
probability distribution functions (PDFs) are shown in Fig. 14(b). As shown, 90% of defects in
coarse powder specimens were smaller than 54 pm whereas they were smaller than 80 um in fine
powder specimens. The statistical analysis confirmed the speculation made above that, going from
the coarse powder to the finer powder, the size of crack initiating defects increases. However, the
most probable ranges of the crack initiating defect size from the coarse and fine powder specimens
significantly overlap, which can explain the fatigue results observed for the machined specimens
at o, = 400 MPa. Although the precise fitting parameters shown in Table 5 may slightly vary
depending on the population of the critical defects analyzed—fitting parameters are generally more
reliable with larger population—the observations made above are nevertheless valid since each

specimen set contained >15 analyzed defects (see Fig. 14(a)).
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Table 5 Location (1) and scale (8) parameters of the Gumbel’s extreme value distribution

obtained based on the varea of the projected defects onto the loading plane from the fracture
surfaces.

Gumbel Distribution Function Parameters Fine Powder Coarse Powder

Location Parameter, A 42.9 36.4
Scale Parameter, & 16.7 8.0
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Fig. 14 (a) Estimation of the largest extreme value distribution and (b) probability density
function (PDF) for crack initiating defects based on Gumbel’s extreme value statistics and

Murakami’s v/ aredpesect approach [74] in coarse and fine powder specimens.
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2.5.

Conclusions

In this study, plasma atomized Ti64 powder batches with PSDs of 15-45 pm and 15-53 pm

were used to investigate the effects of particle size on the mechanical performance of parts

fabricated by the L-PBF AM technique. Parts were fabricated in different locations on the build

plate to study the location dependency of mechanical properties. Overall, slightly higher ductility

and fatigue resistance were observed for the specimens manufactured from the coarse powder.

Additional conclusions based on the experimental results can be drawn as:

No difference in the fatigue performance of specimens in the as-built surface condition was
noted due to different powder PSDs. In all as-built specimens, fatigue failures initiated
from the micro notches on the surface.

More defects were seen in the coarse powder specimens due to the inferior packing state
and lower heat absorptivity of coarser powder particles. However, the maximum defect
size was still larger in the fine powder specimens, which was ascribed to the powder
spattering during the fabrication.

Negligible changes were noted in the Y'S and UTS resulting from the similar microstructure
in the coarse and fine powder specimens. Ductility, however, was larger in the coarse
powder specimens as they had generally smaller defects.

Higher fatigue resistance was observed for the coarse powder specimens which was
correlated with the higher ductility and smaller-sized defects affecting the MCF and HCF
regimes, respectively. While the fatigue life is majorly spent in the crack growth regime at
higher stress levels, the crack initiation often dominates the fatigue life at longer life

regimes.
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e The largest prospective defect size assessed by the Gumbel distribution showed an increase
in defect size using the fine powder compared to the coarse one. In addition, 50% of the
critical defects in the specimens manufactured from both powder batches had somewhat
comparable sizes.

To summarize, it was observed that powder rheological analyses are capable of interpreting
and predicting the fatigue behavior of AM parts manufactured from powder batches with different
PSDs. In addition, it was noticed that the coarse powder, which showed an inferior packing state
compared to the fine batch can still result in almost comparable mechanical properties, and even
superior ductility, as well as fatigue resistance in the MCF and HCF regimes. This shows that by
carefully selecting the appropriate PSD, it is feasible to improve the part performance. On the other
hand, using a less expensive powder with larger and wider particle size distribution may not affect
the mechanical performance of the AM parts; however, this observation may be material and AM

system dependent.
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3. Ti-6Al-4V Powder Reuse in Laser Powder Bed Fusion (L-PBF): The Effect on Porosity,
Microstructure, and Mechanical Behavior

3.1. Introduction

In powder bed fusion (PBF) additive manufacturing (AM) technologies, functional parts can
be fabricated from the powder feedstock. Due to the use of powder beds in such technologies and
the fact that the fabricated parts only occupy a small fraction (typically <25%) of the bed volume,
a significant amount of used powder can remain after fabrication. In the applications where the use
of unused (i.e., virgin) powder is not mandatory, it is economically appealing to reuse/recycle the
used powder for subsequent fabrications to reduce the costs associated with new powder purchase
and handling. However, the characteristics of used powders may be significantly different from
their unused counterparts which can influence the defect-/micro-structure and result in
inconsistencies in the mechanical properties of the fabricated parts.

Careful evaluation of the effect of powder reuse on the powder feedstock-defect-/micro-
structure-part performance relationships thus becomes crucial [32]. In fact, America Makes and
the American National Standards Institute (ANSI) have listed powder reuse as one of the main
AM technical gaps in their Standardization Roadmap for AM [87]. As such, some studies have
already attempted to pave the way toward a thorough understanding of the effects of powder reuse
on powder characteristics and mechanical properties of AM parts manufactured via electron
powder bed fusion (E-PBF) with Ti-6AI-4V (Ti64) [13—15,88,89], Inconel 718 (IN718) [90], and
Ta [91] powders as well as laser powder bed fusion (L-PBF) with Ti64 [7,24,92-95], steels [33,96—
100], IN718 [27,101], AlSil0Mg [102-104], and Hastelloy X [105] powders. However,
understanding regarding the powder reuse effect on parts’ mechanical properties, especially

fatigue, and their location dependency is still lacking, as detailed in the forthcoming text.
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During AM process fabrication, powder particles near the parts experience exceeding
temperatures [3]. Among them, the smaller ones tend to either melt or be attached to larger particles
(forming agglomerates) which are then removed during sieving. Accordingly, the fraction of small
particles in a powder batch tends to decrease with limited reuse, and narrow the span of particle
size distribution (PSD) [7,13,14,33], typically improving the flowability and powder bed packing
state [7,13,14,27,33,96], which can result in less defects in the fabricated parts. However, smaller
agglomerates (especially the partially melted ones) can remain even after sieving, and their fraction
can increase with reuse. Therefore, the flowability of excessively reused powder is expected to
decrease, which can lead to a poorer and more location-dependent powder bed packing state, and,
accordingly, higher and more location-dependent defect content in the fabricated parts [33,106].
Although the existence of the non-spherical particles due to powder reuse has been confirmed by
several studies [13,91,97,105], to what extent these particles contribute to the aforementioned
location-dependency is still not well understood.

In addition to particle morphology, reuse can also increase the O concentration in powder
particles [7,13,14,24,88-91,98,105]. This again is likely due to the repeated thermal exposure of
powder particles near the fabricated parts, which permits the reaction between metal particles and
O adsorbed on their surfaces during powder handling [107]. The increased O content in the reused
powder may not only lead to a higher concentration of O interstitial atoms in the fabricated parts
but also increase the tendency of spattering during fabrication [90,97,98], which can form large
defects and nonmetallic inclusions in the fabricated material. The spattering-induced melt pool
ejecta (typically oxide-coated metal particles), upon landing back onto the powder bed, can lead
to the formation of lack-of-fusion defects due to poor wetting with melts which may increase the

O content of the parts in the vicinity [67]. Although shield gas (such as Ar) flow in the build
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chamber is typically utilized to remove most of the ejecta as they form, some may still land on the
powder bed in the downstream locations [67,106]. Therefore, it can be hypothesized that the defect
and O contents for parts fabricated at downstream locations are higher, and the upstream-
downstream location dependency is expected to increase with reuse. However, the testing of such
hypotheses is still lacking in the literature.

The powder reuse-induced variations in the defects contents and microstructure (primarily O
concentration) in the fabricated parts can influence their mechanical properties. For instance,
higher ultimate tensile strength (UTS) and yield strength (YS) [13,14,24,88,105] and lower tensile
ductility [15,24,88,91,97,105] of a wide range of materials, including Ti64 and AlSi10Mg, are
typically seen with powder reuse. The higher strengths are generally ascribed to the additional
solid solution effect associated with increased O content. The reduced ductility is typically due to
the increased defect content, serving as the inception point of fracture [108].

The role of defects is more accentuated in fatigue properties. As a result, the variations in
parts’ defect content and their location dependency due to powder reuse can translate to relatively
large changes in fatigue lives. For instance, an improvement in the high-cycle fatigue performance
was observed in Refs. [7,33,93] due to powder reuse, which was associated with a better packing
state of reused powder resulting in fewer and smaller defects. Opposite results (i.e., reduction of
fatigue performance with reuse) were also reported in Refs. [14,15] due to the formation of lack-
of-fusion defects which were ascribed to excessive reduction of fine particles and low aspect ratio
(minimum to maximum dimension) powder particles that passed through the sieve. Under high
strain-rate loadings, understanding the role of variations from powder reuse induced micro-/defect-

structures is still largely lacking, although some data is available for the high strain-rate fracture
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behavior of some additively manufactured (AM) alloys [109-112] (see Section 8.4 in Supplement
A for further details).

The current study aims to investigate the effects of powder reuse on mechanical properties,
including tensile, fatigue, and high strain-rate fracture behavior of L-PBF Ti64 parts. Any observed
variations will be discussed and correlated with powder characteristics, including its flowability,
packing state, and chemical composition, as they are affected by powder reuse. In addition,
location dependency of mechanical properties with respect to gas flow and powder recoating
directions will be investigated. Finally, statistical analysis will be performed to explain the
variations in fatigue properties. Following the Introduction, the article will be arranged as follows:
Methodology, Experimental Results, Discussion, and Conclusions.

3.2. Methodology

Plasma atomized Ti64 Grade 5 from the AP&C with a nominal PSD of 15-53 um was used to
fabricate parts using the EOS M290, an L-PBF machine, in an Ar environment employing the EOS
recommended process parameters as listed in Table 6. The chemical composition, reported by the
manufacturer and measured based on the ASTM F2924 [68], is provided in Table 7.

Table 6 EOS Ti64 Grade 5 HiPer 40 um process parameters and the calculated energy density.

Parameter Set Infill Contour
Laser Power, P (W) 280 240
Scanning Speed, V (mm/s) 1300 900

. ) single
Hatching Distance, h (um) 120 f:onﬁ) o)
Layer Thickness, t (Lm) 40 40
Energy Density, E (J/mm?®)"  44.87 -
Power Density, E’ (J/mm?)™ - 6.67

" E=P/(Vxhxt)
™ E’=P/(Vxt)
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Table 7 Chemical composition for AP&C plasma atomized Ti64 Grade 5 reported by the
manufacturer.

Chemical Composition

Element Min (Wt.%) Max (Wt.%)
Oxygen (O) - 0.20
Aluminum (Al) 5.50 6.75
Vanadium (V) 3.50 4.50
Iron (Fe) - 0.30
Carbon (C) - 0.08
Nitrogen (N) - 0.05
Hydrogen (H) - 0.02
Yttrium (Y) - 0.01
Other elements, each - 0.10
Other elements, total - 0.40
Titanium (T1) Balance

As seen in Fig. 15, the build layout consisted of 48 larger square bars with a volume of
13x13x100 mm? and 24 smaller square bars with a volume of 9x9x90 mm?. The build layout also
had 16 net-shaped high strain-rate fracture specimens. A half-built square block was also placed
in each quadrant for microstructural analyses. All the coupons located on top of the central line
were considered the north group, which was closer to the gas inlet nozzle, and the ones below the
line and closer to the gas outlet nozzle were grouped as south. All parts were fabricated on support
structures.

Lastly, the build plate contained 9 X-ray computed tomography (XCT) coupons for defect
characterization across the build plate (i.e., NW, N, NE, W, C, E, SW, S, and SE) for rapid
qualification of the print quality. The build plate density (i.e., defined as the fraction of the build
plate area occupied by parts) was 12% which was well below 25% recommended by the EOS to
prevent the excessive formation of byproducts (e.g., spatter) [21]. The specimen IDs were also
labeled on each specimen in Fig. 15. For the reuse strategy, all the powder was collected from the
build plate and overflow bin, sieved using an 80-um filter, and blended with the unused powder

remaining from the previous fabrication. This process was conducted without adding any unused
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powder until the remaining powder was not sufficient for subsequent iterations. For each set, ~20
kg of powder was used to cover the whole build plate and fabricate the parts. The initial amount
of powder (i.e., 65 kg) was adequate to fabricate 8 times. Each fabrication was ~100 hours of
exposure (i.e., a total of 800 hours) which is among the highest exposure hours in the literature

[12].

(b)

Microstructure

Tensile

Fatigue

25 mm

Fracture Powder

Fig. 15 The (a) top and (b) isometric view of the build layout.

After fabrication, the XCT and microstructure coupons were removed from the build plate in
the non-heat-treated (NHT) condition. The remaining were stress-relieved (SR) at 704 °C for 1
hour, followed by furnace cooling in Ar. After SR, the parts were removed from the build plate.
The large and small square bars were machined to the geometry of fatigue, and tensile specimens,
based on ASTM E466 and E8M [52,53], respectively, as shown in Fig. 16. This figure also shows

the geometry of high strain-rate fracture specimens and XCT coupons.
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Fig. 16 The geometries of (a) round fatigue specimens with 5-mm straight gage diameter

according to ASTM E466 [52], (b) round tension test specimen with 4-mm straight gauge

diameter according to ASTM E8M [53], (¢) XCT coupon, and (d) high strain-rate fracture
specimen. All dimensions are in mm.

After machining, tension tests were conducted in displacement control mode using an MTS
Landmark load frame with 100 kN load cells without further polishing. The strain-rate was kept
constant at 0.001 mm/mm/s based on ASTM E8M [53]. An extensometer was used to record the
strain, and it was removed post yielding at 0.05 mm/mm. High strain-rate fracture tests were
performed using a Kolsky bar apparatus with a striker velocity of ~40 m/s. The Digital Image

Correlation (DIC) method coupled with ultrahigh-speed photography was employed to obtain
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time-resolved in-plane deformations on the specimen surface. A Kirana-05M camera (924%x768
pixels) fitted with an 80-400 mm focal length lens and adjustable bellows was used to record
speckle images at a rate of 400,000 frames per second.

The experimentally measured displacements from DIC were exported into Finite Element
(FE) nodes as boundary conditions to evaluate the fracture properties of interest, namely the J-
integral [112,113] (further details are provided in Section 8.4 in Supplement A). Fully-reversed
fatigue tests (Rs = -1) were run via the MTS Landmark and MTS Bionix Tabletop load frames.
The force-controlled tests were conducted at 400, 500, 600, and 700 MPa stress levels with 6, 5,
4, and 3 Hz frequencies, respectively, to probe fatigue behavior in the mid-cycle and high-cycle
fatigue regimes (MCF and HCF) based on ASTM E466 [52]. The different frequencies were used
to ensure approximately the same cyclic strain rates at all stress levels. Failure was defined as the
complete fracture of each specimen, and tests that did not fail before 5x10° cycles (i.e., 10’
reversals) were considered run-out.

Using a Zeiss Crossbeam 550 scanning electron microscope (SEM), all fracture surfaces and
the microstructure of Ti64 specimens were investigated. The crack-initiating defect sizes were
evaluated with the FIJI software [114]. The chemical composition on the fracture surfaces near the
defects was also obtained by the Oxford energy-dispersive X-ray spectroscopy (EDS) instrument.
The microstructure in the NHT condition was also investigated for all prints via electron
channeling contrast imaging (ECCI) using the SEM. The images were obtained from the
longitudinal plane (i.e., along the building direction). A Zeiss Xradia 620 Versa was utilized for
XCT scans to examine the defect content within the specimens using a source voltage of 140 kV,
power of 21 W, and a voxel size of 5 um. The 3D visualizations and defect distributions were

obtained via Dragonfly Pro and FIJI, respectively.
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Before each fabrication, the powder was sampled according to ASTM B215 [55] from the
feedstock bin. Some heat-affected (HA) powder with particles ejected from the melt pools and
near the gas flow outlet nozzle (see Fig. 64 in Supplement A) were also collected for further
investigations. All powder PSDs were analyzed using a Beckman Coulter LS 13 320 Particle Size
Analyzer using the laser diffraction method. The concentration of interstitial elements (including
O and N) in powder batches was analyzed using LECO 736 Series Inert Gas Fusion according to
ASTM E1409 [46]. Powder rheological characteristics were measured via an FT4 powder
rheometer according to ASTM D7891 [57] and the FT4 manual [62]. Powder characteristic
measurements were repeated four times to ensure repeatability.

3.3. Experimental Results
3.3.1. Powder Characteristics

As seen in Fig. 17(a), the PSDs of the feedstock (i.e., the powder used for fabrication)
indicated a slight increase in particle size with powder reuse. In addition, the corresponding Dx-
values are reported in Fig. 17(c). The Dy indicates that the x% of the particles have an equivalent
diameter smaller than the D-value [10,31]. The gradual increase of the D-values can be ascribed
to the removal of fine particles, which are easier to melt and be attached to other particles and part
surfaces [21]. Closer inspection of the PSDs showed a secondary peak in PSD of Print 8 powder
between 80-100 um. This peak corresponded to ~1% of the total population of Print 8 powder
particles. This observation was quite interesting as the sieve used for filtering the particles had a
nominal size of 80 um. Therefore, it may be that some of these particles had low aspect ratios (the
ratio of minimum to maximum orthogonal dimensions) and passed through the sieve (e.g.,
elongated particles and agglomerates) [14]. The particle size span (i.e., Dgo-D10/Dso [20]), which

characterizes the width of the PSD peak, did not change with the powder reuse (i.e., 0.8 for all
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batches). The HA powder (i.e., the powder after fabrication and near the gas outlet) PSDs were

consistently larger than the feedstock in all prints (see Fig. 17(b)).
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Fig. 17 PSD of the (a) feedstock and (b) HA powder samples, as well as the corresponding D-
values of the (¢) feedstock and HA powders. The solid and dashed lines correspond to feedstock
and HA powders in (c), respectively.

The Doo value was exceedingly high in the HA powder, which was attributed to the presence

of very large particles that were either large, resolidified melt pool ejecta or large agglomerates of

smaller particles due to heat exposure [115-117] (see Fig. 17(a-c)). The HA powder span was

twice the powder feedstock (i.e., 1.6), showing a wide range of particle sizes. The particle

circularity and aspect ratio were evaluated from the 2D images of the powder with microscopy

(see Fig. 18). Some non-spherical elongated particles were observed in Print 8. The aspect ratios

of particles 1, 2, and 3 in Print 8 (see Fig. 18(c) & (d)) were 0.5, 0.4, and 0.4, with circularities of
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0.7, 0.6, and 0.7, respectively. Such low aspect ratio particles or agglomerates could possibly form
due to the collision of melt pool ejecta in the chamber environment [115]. These particles were
more frequently seen in the Print 8 powder due to longer exposure to the laser [14]. Such
agglomerates could pass through the sieve and, with sufficient quantity, compromise powder
spreading and bed packing, potentially resulting in poorer mechanical properties of AM parts

[115].
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Fig. 18 olished pbwder partice cross-sectionsbfr P?ints 1 in (a); 4 1in (b);'and 8 in (c) and (d).
The red arrows are pointed toward the low aspect ratio particles.

The powder feedstock rheological characteristics were evaluated and reported in Table 8. The
basic flowability and specific energies can quantify the powder flowability by measuring the
energy required for the blade to move respectively downward or upward within the powder bulk
[19,31]. While the basic flowability energy did not exhibit significant change, the specific energy

slightly decreased with powder reuse, indicating some improvement in the powder flowability on
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the powder bed during fabrication [20]. This flowability improvement with powder reuse was also
observed in cohesion values. The cohesion evaluates the powder flow behavior when sheared.
Lower cohesion can represent a lower resistance to flow and a more uniform powder bed, yielding
less east-to-west location dependency of the parts on the build plate [19,20,31,33,62].

The powder bed packing state improved with powder reuse. This behavior was noted by
evaluating the powder compressibility and conditioned bulk density. The former indicates the
volume change when the powder is compressed [31], and the latter is measured when the powder
bulk is in a low-stress condition (i.e., loosely packed) [19,31]. Therefore, the reducing
compressibility and increasing conditioned bulk density at higher print numbers shown in Table 8
indicated the improving packing state of metal powder bed with reuse [7,20,33]. This observation
was consistent with the increasing pressure drop values as reuse times increased [62]. A higher

pressure drop can indicate a more tightly packed powder bed; i.e., a better packing state [31,33].

Table 8 A summary of powder rheological and bulk characteristics for Prints 1, 4, and 8.

Powder Characteristic Print 1 Print 4 Print 8
(Unused) (3x-Reused) (7x-Reused)

Basic Flowability Energy, BFE (mJ) 277.75+16.51 289.00+13.06 288.25+8.97
Specific Energy, SE (mJ/g) 1.81 +0.11 1.53+0.05 1.56 £0.03
Conditioned Bulk Density, CBD (g/mL) 2.73 +0.01 2.75+0.01 2.76 £ 0.01
Tapped Density, BDtap (g/mL) 2.83 +£0.02 2.83+0.01 2.84+£0.01
Compressibility, CPS (%) 2.85+0.23 2.37+0.43 2.01 £0.24
Cohesion, ¢ (kPa) 0.14 £ 0.01 0.10 £0.02 0.09 +0.03
Pressure Drop, PD (mBar) 6.60 + 0.48 6.92 + 0.54 7.38+0.36
Aeration Energy, AE (mJ) 5.38£0.88 544 +£0.28 5.44 +0.44

As seen in Fig. 19(a), the concentrations of interstitial elements (i.e., O and N) in the powder
increased by powder reuse. The O and N concentrations of the HA powders were also investigated
(see Fig. 19(b)). In the HA powder, the concentration of N significantly increased beyond the

threshold value with Print 8, whereas the concentration of O did not change significantly and
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maintained around the threshold value. Therefore, it was deduced that the increase of O and N in
the reused feedstock batches was due to the HA particles which passed through the sieve and mixed
with the feedstock powder. It is noteworthy that the amounts of O and N in the feedstock powders
were still well below the maximum permitted amount per ASTM F2924 [68]. Some studies have
associated the increase in elements such as O and N with a decrease in Ti melting temperature and

consequently unstable molten flow, leading to rougher surfaces and interrupted powder flow

[118,119].
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Fig. 19 The concentration of interstitial elements (O and N) in the (a) feedstock and (b) HA
powders with respect to powder reuse. The feedstock and HA powders were collected before and
after fabrication, respectively.

3.3.2. Defect Content and Microstructure

The XCT witness coupons were used to track any discernible trends of build quality with
respect to powder reuse and location on the build plate. Defects smaller than four times voxel size
(i.e., 20 pm) were removed to avoid false detection from noise. Upon XCT characterization, some
high-density pixels were also detected. Some studies have correlated these dense pixels with
secondary phase particles [120]. Since none of the fatigue failures initiated from such inclusions,
they were excluded from the XCT analysis to only characterize the defect content. The results were

then clustered in [20, 30), [30, 40), and [40, ) um size ranges and reported in Fig. 20.
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As seen in Fig. 20, there was generally a decreasing trend in the number and equivalent sphere
diameter (i.e., the diameter of a sphere whose volume equals that of the defect’s) of the defects by
reusing the powder up to Print 4. However, further powder reuse up to Print 8 increased both defect
diameter and number compared with Print 4. In addition, no clear trend in defect content was
observed in the direction of the powder delivery (i.e., recoater direction), although some minor
particle segregation was previously observed (see Fig. 17(c)). However, consistent with the results
in [106], the number of defects increased along the gas flow direction, which may be attributed to
melt pool ejecta not being properly removed from the build chamber by the gas flow and landing

in such regions. This increase was more apparent for Print 8. The maximum defect size did not

show a clear trend with respect to powder spreading direction. Although not significant, it

somewhat increased in the gas flow direction, especially for the reused powder.
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Fig. 20 3D bar charts indicating defect distributions in the XCT coupons across the build plate
with powder reuse and the maximum defect size labeled on each bar.

As seen in the ECCI micrographs shown in Fig. 21, the changes in microstructure with powder

reuse were negligible in the NHT condition. In Prints 1, 4, and 8 specimens, the darker phases

appeared to be martensitic (i.e., o' and a") due to high cooling rates associated with L-PBF

technology [32]. Although the rapid cooling was expected to generate purely martensitic

microstructure, the repeated reheating due to the consolidation of the subsequent layers may have
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partially decomposed the microstructure to a+f. Indeed, the phases with brighter contrast appeared

to be B due to the partial decomposition. The grain size was almost comparable for all powders.

“Print1 Print4 " Print8
Grain Size: 0.7 £ 0.2 um Grain Size: 0.6 £ 0.2 ym Grain Size: 0.5 £ 0.2 um
Fig. 21 The microstructure of L-PBF Ti64 in the NHT condition for Prints 1, 4, and 8.

3.3.3. Tensile Behavior

Tensile properties, including UTS, YS, and ductility (€f) were obtained for all tension test

specimens to analyze their location dependency and the effect of reuse. Here, only the north and
south locations, i.e., the upstream and downstream locations of the shielding gas flow, were of
focus since no general trends in defect content were observed in the powder spreading direction
(i.e., east to west). Accordingly, there were six specimens per reuse condition and location (i.e.,
north and south). As seen in Fig. 22(a), the UTS in the south was slightly higher than the north
specimens regardless of the powder condition. In addition, an increasing trend in UTS was
observed with powder reuse in both the north and south specimens. The YS also showed the same
trend for both the location and the powder reuse (see Fig. 22(b)), which can be due to the low

hardening rate of Ti64. As shown in Fig. 22, the microstructure of fabricated parts was not affected
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by powder reuse. Therefore, the added strength with reuse was ascribed to some increase in O
concentration in the powder (see Fig. 19(a)) and in the specimens. It is generally known that O

concentration can increase strength and reduce ductility [95,105,121]. Indeed, unlike tensile

strength, the €r somewhat decreased with powder reuse (see Fig. 22(c)). This decrease was more

drastic for the specimens in the south. Noting that the defect content was expected to improve at
Print 4 (see Fig. 20)—yet the ductility still reduced; thus, the role of O concentration in the powder
(see Fig. 19(a)) may have been significant. Nevertheless, the tensile ductility observed in the south
locations for Print 8 was substantially lower than all other conditions, which could have been

contributed by the relatively high defect content witnessed in the south of Print 8.
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Fig. 22 Tensile properties, including (a) UTS, (b) YS, and (c) &f obtained for different prints and
locations on the build plate.
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3.3.4. High Strain-Rate Fracture Behavior

The J-integral or the energy release rate histories for the horizontally built specimens (Loading
axis and crack were perpendicular to the build plate) from Prints 1, 4, and 8 (six specimens per
condition) are shown in Fig. 23. From the DIC images, crack initiation was identified in each
experiment, and that image or dataset was identified as # = 0 ps to create a common reference time
for comparing all experiments. Therefore, negative and positive time instants represent the
response before and after the crack initiation, respectively. It can be noted that the whole fracture
event, from initial contact to crack initiation and growth, lasted ~60 pus. The data in Fig. 23(a)
corresponds to the specimens from the north in each print. The J-integral values overlapped until
crack initiation (or time 7 ~ 0 pus), and the variations were approximately parabolic. However, the
values showed differences at crack initiation.

The J-integral at crack initiation was the highest for specimens from Print 8 at 19.4 kJ/m?,
followed by Print 4 at 19.2 kJ/m?, and Print 1 at 18.6 kJ/m?. The crack propagation behaviors had
a similar response for all prints. Hence, considering all three, Prints 4 and 8 had 3% and 4% higher
critical energy release rates than Print 1. The crack growth resistance curves under dynamic
loading conditions are shown in Fig. 23(b). The crack growth was stable, as reflected by the non-
negative slope of the resistant curve (dJ/da ~ 0) after crack initiation. The slopes after crack
initiation also remained the same for all prints with just the difference in magnitude due to the

higher critical energy release rate for Prints 4 and 8.
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Fig. 23 The J-integral histories (a) and crack growth resistance curves (b) for Ti64 specimens
from Prints 1, 4, and 8. All data is from the specimens in the north.

The similarity of fracture behaviors of Ti64 specimens fabricated from different locations on
the build plate in Print 1 is shown by the J-integral histories in Fig. 24(a) and crack growth
resistance curves in Fig. 24(b). As shown, there was no significant difference in the critical energy
release rate for the specimens from different locations, i.e., no location dependency. Specifically,
a maximum of 2% difference was observed between the south and north in Print 1. However, the
experimental error was also ~2%. Similar behavior was also observed for Prints 4 and 8 (See Fig.
70 and Fig. 71 in Supplement A). A summary of high strain-rate fracture results is reported in Fig.
25. In this figure, critical energy release rates are shown for specimens fabricated in north and
south locations, and their values are listed in the table next to the figure. It can be observed that
the difference in fracture properties because of the location was within the experimental error
(~2%). However, a discernible difference was observed between Print 1 and Prints 4 and 8. The

difference between Prints 4 and 8 was still within the experimental error.
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Fig. 24 The J-integral history (a) and crack growth resistance curves (b) for Ti64 specimens from
Print 1 in the north and south locations of the build plate.
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Fig. 25 A summary of the critical energy release rate for Ti64 specimens for different powders

and locations on the build plate.

3.3.5. Fatigue Behavior & Failure Analysis

Since defect contents only showed significant variation along the gas flow direction (see Fig.

20), fatigue performance was merely compared between the north and south specimens. Among

the specimens located in the north, the ones in Print 4 had somewhat better fatigue performance,

followed by Prints 1 and 8 (see Fig. 26). However, in the south, Print 1 outperformed Print 4 and

8. The better fatigue performance for the reused powder in the north agreed with the results in [7],

which might have been due to the better packing state of reused powder (see Table 8). The reduced
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fatigue performance in the north for Print 8 was perhaps due to the increased spattering activities
caused by the increased O content in the powder. South locations were at the downstream of the
shielding gas, and the effect of spattering was, therefore, more significant. As a result, reduced
performance in the south was seen as early as Print 4. Location dependency of fatigue behavior
for specimens from Prints 1, 4, and 8 was characterized and presented in Fig. 27. The specimens

fabricated in the south generally had lower fatigue lives irrespective of the powder reuse.

800 |
(a)
T 700 | oA BBOQR
=3
o 600 | AL 00A® A ¢
° [
2 [
2500 | ®nml/
?g : X2
o [ | ®@Print1
@ 490 [ | oprint4
L | APrint8
300 i L Ll n el 1 Ll L L1
1E+04 1E+05 1E+06 1E+07 1E+08
Reversals to Failure, 2N;
800 [
[ (b)
& 700 f L B®OO
é L
z. 600 | AL O
- : X2
2 500 | HmaD A O O,
b i
8 . [OPrint 1 a
= 400 | 2
2] r | ¢Print4 <
[ | APrint8
300 Y A Y E S S

1E+04 1E+05 1E+06 1E+07 1E+08
Reversals to Failure, 2N;

Fig. 26 Stress-life fatigue behavior of L-PBF Ti64 Grade 5 specimens from Prints 1, 4, and 8 in
(a) north and (b) south.

The south-to-north difference was less significant in Print 1. As the powder was reused, the
gap became more distinct in Print 4. With continued reuse, the gap appeared to become small again

in Print 8. This interesting behavior may be related to changes in defect content within the
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specimens in the north and south due to powder reuse. As briefly discussed in the Introduction, the
increased O concentration in powder with reuse tends to induce more frequent spattering, which
can form more defects of larger size. Due to the shield gas flow, more pronounced excessive defect
formation first occurred at the downstream locations (south), and as O concentration increased, it
proliferated gradually to the north. This hypothesis is tested in Section 4 with complete information

on critical defects’ size.
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Fig. 27 Stress-life fatigue behavior of L-PBF Ti64 Grade 5 specimens from Prints (a) 1, (b) 4,
and (c) 8 in the north and south regions.

A summary of all force-controlled fatigue tests is reported in Table 9. Fracture surfaces of all
fatigue specimens were examined, and the size and location of the crack initiating defects are also
listed in Table 9. In this table, the defect size was measured based on Murakami’s approach. In

this method, defects were classified based on their location from the surface (i.e., internal or at the
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surface). When the defect is neither internal nor at the surface, i.e., sub-surface, the whole defect
and the adjacent area between the defect and surface were considered, provided that its size is
larger than the distance to the free surface [122]. Some notable fracture surfaces are also shown in
Fig. 28. One of the specimens of interest was Sp. 1, which was located the closest to the shielding
gas outflow nozzle and had lower fatigue life than other specimens at the same stress level. As
seen in these figures, all failures initiated from irregular-shaped lack-of-fusion defects, typically
larger for the specimens located in the south (i.e., Sp 1 and 27). It was reported that excess O
content (e.g., in the form of oxides) could also promote the formation of such lack-of-fusion
defects, possibly via spattering, in Ti64 [89].
Table 9 A summary of fully-reversed (Ro = -1) force-controlled fatigue tests for L-PBF Ti64

specimens in machined surface conditions for Prints 1, 4, and 8 with the corresponding
equivalent defect size and location, including internal (I), surface (S), and sub-surface (SS).

Print 1 Print 4 Print 8
ID (hﬁ;a) 2N¢ Size ( Hm), 2Nt Size ( Hm), 2Nt Size (Hm),
(Reversals) Location (Reversals) Location (Reversals)  Location
South
22 400 > 10,000,000 > 10,000,000 > 10,000,000
01 500 491,454 81,1 299,142 162, 1 242,984 151,1
27 500 694,022 93,1 615,804 82,1 297,506 153, 1
38 500 4,855,624 34,1 > 10,000,000 1,346,636 102, SS
18 500 > 10,000,000 > 10,000,000 3,937,652 42,1
03 600 314,492 129,1 185,184 105,1 151,290 125,1
42 600 561,396 49, 1 338,338 159,1 265,448 171, SS
14 600 737,294 65, SS 120,800 116, SS 155,806 121, 1
25 600 886,098 46, 1 343,684 108, 1 80,364 99, SS
09 700 135,700 79,1 63,978 127, SS 59,608 106, I
33 700 145,022 57,1 115,778 95,1 126,954 69, 1
46 700 216,606 59,1 343,570 45,1 213,604 52,1
North
69 500 2,540,668 71,1 8,064,276 49,1 3,767,278 67,1
94 500 2,791,038 81,1 4,116,082 56,1 5,801,358 41,1
79 500 6,544,252 47,1 > 10,000,000 > 10,000,000
58 500 > 10,000,000 > 10,000,000 > 10,000,000
81 600 328,582 32,8 944,152 20,1 150,684 41,1
92 600 434,968 33,S 1,904,194 56, SS 568,282 74,1
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56 600 840,764 53,1 1,700,638 76, SS 106,902 36,1

71 600 1,572,070 50,1 2,879,354 36,1 1,307,644 52,1
73 700 167,730 112, S 321,576 23,1 106,318 41,1
87 700 171,618 28,1 260,672 23,1 468,616 34,1
50 700 203,216 31,1 339,696 34,1 150,650 28, S
64 700 431,318 31,1 83,640 36,1 375,512 37,1

As evident in Fig. 28 and Table 4, the size of defects increased with reusing the powder for
the south specimens compared to Print 1. The equivalent defect size was measured based on
Murakami’s approach [4,31,74] and found to be 81, 162, and 151 um, respectively, for Print 1, 4,
and 8 specimens. This observation was consistent with the O pickup noted with powder reuse,
which could have resulted in more spatter. In addition, due to the higher probability of spatters
landing in the south region, the defects in these specimens were somewhat larger (see Table 9).
The equivalent defect size in the Print 1-south specimens was 81 and 93 um, respectively, whereas

it was 71 and 81 pum for the case of Print 1-north specimens.
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Fig. 28 Fracture surfaces of fatigue specimens including (a) Print 1-Sp1, (b) Print 4-Sp1, (c) Print
8-Spl, (d) Print 1-Sp27, (e) Print 1-Sp 69, and (f) Print 1-Sp 94. All specimens were tested at
500 MPa stress amplitude. The fatigue life corresponding to each specimen is labeled on each

figure. The yellow arrows indicate the crack initiation sites, and the crack-initiating defects are
enclosed by yellow dashed lines in the zoomed-in images.

3.4. Discussion on Experimental Results

It is well established that the size of critical defects resulting in fatigue failures follows the

largest extreme value Gumbel distribution [86]. In this regard, varea of defects were measured
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based on Murakami’s approach [122]. Then, the defects were ranked based on their size from the
smallest to the largest one. Lastly, the reduced variate (Y;) was obtained by:

Y; = —in(—In(Y/y 4+ D) (D
where i is the rank and N is the total number of critical defects. The plots of the reduced variates
of different prints for both north and south locations are presented in Fig. 29(a) & (b), respectively.
As seen in Fig. 29(a), the critical defects in the fatigue specimens well obeyed the largest extreme
value Gumbel distribution with R? values greater than 0.80 for all conditions. In addition, it was
seen that in the north, the smallest critical defects occurred in Print 4 specimens. In the south,
however, the largest defect was in Print 8, followed by Print 4, which were both considerably
larger than that of Print 1. The cumulative and probability density functions (CDF and PDF) were

also evaluated using equations (2) and (3) according to ASTM E2283 [81]:

PDF(x) = 1/ [exp <_ (areagesece — ) /5)

ST /A | e

X exp [—exp <

CDF(x) = exp [—exp <— ( AT €Gdefect = /1)/5>] 3)

where the A and 6 are location and scale parameters, respectively, and their values are reported in

Table 10 [31,81].
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specimens in the (a) north and (b) south and the corresponding CDF and PDF in the (c) north and
(d) south.

Table 10 Location (1) and scale (8) parameters of the Gumbel’s extreme value distribution.

Gumbel Parameters Print 1 Print 4 Print 8
Build Plate Location North  South  North  South  North South
Location Parameter, A 40 57 33 95 39 89
Scale Parameter, 6 21 22 14 29 12 33

The statistics of fatigue critical defect size, presented in Fig. 29, appeared to be in good
agreement with the orders of data presented in Fig. 27 that the difference in fatigue life between
north and south was small in Print 1, which became larger in Print 4 and small again in Print 8. In
order to better quantify the change in location dependency, the log-normal distributions of fatigue
lives for all prints and locations at the stress amplitude of 600 MPa were indicated in Fig. 30. The

reused fatigue life improved in the north of Print 4, which was noted in Fig. 26, and clearly evident
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in Fig. 30. Comparing the PDF curves in Fig. 29(c) & (d), it is evident that the ranges of critical
defects in both north and south were essentially identical for Print 1.

This indicates the fabrication with unused powder had very limited spatter. As the powder
was reused, the O pickup in the powder could result in more significant spattering, leading to more
and larger defects in the downstream locations. Indeed, the critical defects in the south of Print 4
became significantly larger, while those in the north did not experience much change. Excessive
O pickup due to further reuse of the powder exacerbated the spattering in both south and north
locations. This could be the case for Print 8, where the size ranges of the critical defects in both
north and south were similarly large. This observation on the equivalent diameter of critical defects

matched the fatigue behavior.
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Fig. 30 The log-normal distribution of fatigue lives for Prints 1, 4, and 8 in the north and south at
the stress amplitude of 600 MPa.

3.5. Conclusions

This study investigated the effects of reusing plasma atomized Ti-6Al-4V Grade 5 powder

in an L-PBF system on microstructure, porosity, and mechanical properties. In addition, parts were
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distributed across the build plate to evaluate the effect of location on the part mechanical
performance. The following conclusions were drawn based on the experimental results and
analysis:

e Powder reuse (up to 7x) increased the powder D-values and uniformity, resulting in higher
flowability and packing state.

e Reusing the powder did not affect the microstructure. Based on the X-ray computed
tomography scans performed on the witness coupons, the defect size and count generally
increased in the direction of gas flow, which was attributed to the spattering during
fabrication. Limited powder reuse up to 3 times appeared to decrease the defect content;
however, it increased again with further reuse.

e The yield and ultimate tensile strength gradually increased with powder reuse due to higher
oxygen concentration in reused powders. In addition, specimens closer to the gas flow
outlet (i.e., downstream/south) had higher strength due to more heat-affected powders in
this zone and, consequently, higher oxygen content. Tensile ductility had an opposite trend,
indicating lower ductility for the specimens manufactured from reused powder and/or
closer to the gas flow outlet.

e The high strain-rate fracture behavior of specimens from the reused powder showed a
higher critical energy release rate (3-4%) because of the increased yield strength. However,
no location dependency effect on the fracture behavior was noticed.

e Although limited powder reuse could moderately reduce defect content in parts and
improve the fatigue performance of the specimens closer to the gas flow inlet, it generally
decreased fatigue resistance due to higher oxygen content and spattering when reuse was

excessive and/or fabrication was at downstream locations.
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The knowledge obtained in this study can provide further insight into different sources of
variabilities (i.e., location and powder) of part performance. Controlling or monitoring such
variabilities during the L-PBF fabrication can result in more reliable parts or ones with more

predictable mechanical properties, which is essential for the qualification and certification of AM

parts in load-bearing critical applications [123,124].
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4. Fatigue Behavior of Additively Manufactured 17-4 PH Stainless Steel: The Effects of Part
Location and Powder Re-use [33]

4.1. Introduction

Additive manufacturing (AM) is an advanced manufacturing technology, which provides the
opportunity to fabricate complex components directly from a 3D CAD model and material
feedstock (i.e., powder or wire) in a layer by layer process. Powder is used as the feedstock in
powder bed fusion (PBF) techniques, which are one of the most widely used AM methods [10].
One of the major challenges associated with powder feedstock, however, is the handling of
previously used and recovered feedstock. A significant portion of the powder bed envelope is
unfused after part fabrication and, for economic reasons, is often sieved and re-used for several
iterations before being discarded. Currently, the effect of powder re-use on the resulting fatigue
behavior of parts fabricated with increasingly re-used powder is not well understood. A common
procedure to re-use metal powder is to collect all the powder in the collector bin and
unconsolidated powder in the build envelope after fabrication, pass the collected powder through
a sieve screen to remove large spatter particles and break down any agglomerates (i.e., clusters of
small particles adhered to larger particles [10]), and mix to uniformity with an appropriate amount
of additional powder to perform the next build.

While re-using the powder is a common practice, there are limited studies on how re-using
the powder can alter the powder characteristics, and consequently, the mechanical performance of
the fabricated part [10]. Some studies have been conducted in an effort to understand the effects
of powder re-use on powder characteristics [22,58,117,125-128]. Effects of powder re-use on Ti-
6Al1-4V and Inconel 718 using electron beam powder bed fusion (EB-PBF) process were studied
in [127], and no significant changes in flowability, morphology, and particle size distribution

(PSD) with re-using for five and six times, respectively for Ti-6Al-4V and Inconel 718, were
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observed. It was, however, found that the number of possible re-using times for Ti-6Al-4V can be
limited to the amount of oxygen concentration due to its increase with powder re-use [127].

Cordova et al. [22] also studied the effects of re-using LB-PBF Inconel 718, Ti-6Al-4V,
AlISi10Mg, and Scalmalloy on powder characteristics including morphology, flowability,
microstructure, and chemical composition. Finer particles were reported to get eliminated with re-
using the powder, leading to larger average particle sizes which was more drastic for AISi10Mg.
Some changes in morphology such as particles becoming more elongated were observed in the re-
used Inconel 718 and AlSi10Mg. In addition, a general increasing trend of flowability was noticed
for re-used powder as compared to unused powder for all the materials. While in these studies
different powder features (including PSD, particle shape, chemistry and flowability) were
characterized [22,58,117,125-128], the effects of powder re-using on the mechanical properties
were not investigated.

Some studies have been recently conducted to understand the effects of powder re-use on the
mechanical properties of the fabricated parts [7,13,15,23,96,97,129-132]. For instance, Popov et
al. [15] observed shorter fatigue lives for specimens fabricated from EB-PBF 69-times re-used Ti-
6Al1-4V powder compared with the ones from unused powder. The shorter fatigue lives for the EB-
PBF parts fabricated from re-used Ti-6Al-4V powder were explained by the particles’ surface
oxidation which led to lack of fusion defects in parts. While no changes in the microstructure of
the fabricated parts were reported, a decrease in ductility of specimens fabricated by re-used
powder was observed. In another study, the effects of re-used nickel alloy powder in LB-PBF on
tensile properties were investigated [130]. Oxygen content increased with re-using the powder in

LB-PBF. The increase in oxygen level resulted in lower ductility and toughness of the LB-PBF
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parts fabricated from re-used nickel alloy. However, the ultimate tensile strength (UTS) and yield
strength (YS) remained comparable for specimens from unused and re-used powder batches.

Tang et al. [13] also observed oxygen pickup with re-using Ti-6Al-4V powder in EB-PBF
which was explained to be the reason for increases in UTS and YS. The PSD became narrower
with the powder re-use due to the reduction in finer particles. Fewer satellites (i.e., fine particles
adhered to larger particles during atomization [10]), and consequently, fewer agglomerates were
found in the re-used batch. Powder flowability was observed to increase with continuously re-
using the powder due to satellites removal and longer exposure of the powder to elevated
temperatures, which can decrease moisture content, and consequently, increase the flowability.

While Popov et al. [15] reported a lower fatigue performance for specimens manufactured via
EB-PBF 69-times re-used Ti-6Al-4V powder as compared to the ones from unused powder,
Carrion et al. [7] observed some improvements in the high cycle fatigue (HCF) behavior of LB-
PBF Ti-6Al1-4V specimens by heavily re-using the powder. The higher fatigue performance of
specimens from re-used powder was due to the fact that cracks initiated from smaller gas-entrapped
pores. The existence of less and smaller defects within the specimens fabricated from re-used
powder was explained by the combination of better powder flowability and less compressibility of
the re-used batch. The improved flowability resulted in a more uniform powder layer on the build
plate with fewer and smaller empty spaces within the powder bulk, resulting in lower
compressibility, and consequently, smaller defects within the fabricated parts.

In addition, no significant changes in the microstructure and tensile behavior of LB-PBF Ti-
6Al1-4V parts were observed due to powder re-use [7]. Similar fatigue lives were also obtained for
the parts fabricated from unused and re-used powder batches in the as-built surface condition

which was explained by the crack initiation from rough surfaces inherent to AM [3,73]. The effect
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of re-using 17-4 PH stainless steel (SS) powder in an LB-PBF process and nitrogen atmosphere
for 15 and 11 times was investigated in two separate studies [96,129]. While no significant changes
in the tensile behavior of parts were observed, it was reported in both studies that the apparent
density and flowability of the powder could increase with re-using the powder.

Previous studies reported flowability as an important powder characteristic which can
significantly affect the parts mechanical properties [7,129]. Flowability, however, is a complicated
characteristic since it is dependent on several other powder characteristics (e.g., particle size,
shape, bulk or surface chemistry, etc.) [9]. Therefore, several powder characteristics are often
analyzed to illustrate flowability [117,133]. Additionally, powder characteristics can vary across
the build plate due to the mechanism of powder distribution in PBF machines (i.e., spreading a
powder layer upon the build plate using a recoater/wiper). Such wvariations in powder
characteristics contribute to the complexity of understanding how the powder specification and re-
use affect the mechanical performance of parts fabricated by PBF methods. Such powder
characteristics can also affect the spreadability of the powder on the build plate; therefore,
mechanical properties of parts fabricated in different locations of the build plate may be different
[134].

It has been established that re-using powder can significantly alter the powder characteristics.
Such variations may, in turn, affect the mechanical properties and challenging the qualification
and certification of AM parts, specifically in safety critical applications [123,124]. Therefore, this
study investigates the effects of powder re-use on the defect distribution and mechanical properties
including tensile and fatigue behavior of parts fabricated from 17-4 PH SS via LB-PBF. In
addition, the location of AM parts on the same build plate may contribute to variations in the final

microstructural characteristics as well as mechanical performance of parts fabricated via LB-PBF.
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Hence, the location dependency of LB-PBF parts and how re-using the powder may affect this
location dependency will also be evaluated in this study.

4.2. Experimental Program

In this study, argon-atomized 17-4 PH SS powder produced from LPW Technology Ltd. was
used. The initial particle size distribution (PSD) was reported by the manufacturer to be between
15 and 45 pm. The chemical composition of the powder provided by the manufacturer is reported
in Table 11. The study was started with an initial amount of 80 kg to guarantee 15 consecutive
builds. After each fabrication, all the powder was collected from the overflow bin and build
envelope and filtered through an 80-pum sieve to ensure the removal of spatters and breaking down
of agglomerates. After sieving, all the powder was thoroughly mixed with the unused powder in
the feed bin and a sample was taken at equal increments throughout the depth of the powder
according to ASTM B215 [55] standard for powder characterizations.

Table 11. Chemical composition of the argon-atomized 17-4 PH SS provided by LPW
Technology Ltd.

Elements | C Cr Ni |Cu| Mn | Si | Nb | Mo N (0) P S Fe

Wt.% [0.01 163 |4.18]4.1 02204 1]0.25]0.02|0.04]0.05] 0.012 | 0.004 | Bal.

Two different layouts, defined as full and half, were designed (see Fig. 31(a) and (b)). The
full layout was used for batches 1, 5, 10 and 15, while the half layout was used for the interval
builds (i.e., batches 2, 3, 4, 6,7, 8,9, 11, 12, 13, and 14). The full layout contained 38 specimens
including net-shape round specimens with a uniform gage section according to ASTM E606 [135]
(see Fig. 32(a)), 11-mm square rods to be further machined to the final shape and geometry of
round specimens with uniform gage section based on ASTM E606, and round tension test
specimens for tensile testing according to ASTM ES8 [53] (see Fig. 32(b)). The maximum testing

strain was selected to be 0.004 mm/mmy; therefore, the risk of buckling under compression portion
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of fully reversed loading was very small. This allowed the diameter of round specimens with
uniform gage section to be reduced from the standard recommended 6.25 mm to 5 mm to save in

material and ensure completion of 15 builds.

Side Support

Square Bar \
Fatigue

(b)

() \‘rerﬂ ow
Bin

Build ply, Feed Bjy,

|

(c)
Fig. 31 (a) Full print layout used for Batch 1 (unused), Batch 5 (re-used 4 times), Batch 10 (re-
used 9 times) and Batch 15 (re-used 14 times), (b) half print layout used for interval prints, and
(c) a schematic of laser beam powder bed fusion (LB-PBF) system.

Side supports were fabricated in conjunction with the net-shape specimens (see Fig. 31(a) and
(b)) to prevent deflection during contact with the recoater, and thus, disturbance of the powder
near the specimens. The number of specimens on the half layouts was lowered from 38 to 18

specimens. Approximately 2.5 kg and 1.5 kg powder amounts were used for the fabrication of each
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full and half print layouts, respectively. Most specimens were located on two ends of the build
plate. Front specimens were closer to the feed bin and back specimens were further away from the
feed bin (see Fig. 31(c)). This front and back specimen layout was designed in order to study the
effects of part location upon the build plate on the final mechanical properties. Although there
were two specimens located in the middle section of the build plate in both layouts, they were not

used in this study.

All builds were fabricated using an EOS M290 machine in a nitrogen atmosphere with the
manufacturer recommended 17-4 PH SS performance process parameters, reported in Table 12.
All the specimens were subjected to CA-H1025 heat treatment. This heat treatment consists of
solution treatment at 1050 °C for 30 minutes, air cooling to room temperature, with a subsequent
aging at 552 °C for 4 hours and air cooling to room temperature. This heat treatment was selected
since it was shown to be effective in homogenizing the microstructure and improving the fatigue
performance of LB-PBF 17-4 PH SS specimens [136]. Net-shape round specimens were tested
after heat treatment without any further surface treatments; therefore, they are referred to as as-
built specimens in this study. However, the square rods were machined to the final specimen
dimensions, as shown in Fig. 32(a), followed by further surface polishing to achieve R,= 0.5-0.6

um , and are referred to as machined specimens.
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Fig. 32 (a) Round specimens with a uniform gage section for strain-controlled fatigue testing
according to ASTM E606 [135], and (b) round tension test specimens for tensile testing
according to ASTM ES8 [53] (all dimensions are in mm).

Table 12. EOS recommended major process parameters utilized to fabricate LB-PBF 17-4 PH SS

parts.
Laser power | Scanning speed Hatch Layer Layer rotation Stripe
distance thickness angle width
220 W 755.5 mm/s 100 pum 40 um 67 100 mm

Powder characteristics including apparent and tapped density (i.e., the density when the
powder is compacted), compressibility, shear stress [57], and cohesion were evaluated using
Freeman Technology FT4 rheometer. PSD and shape morphology were analyzed via Malvern
Morphology G3SE by static image analysis according to ASTM E2651 [137]. Particle shape
parameters including circular equivalent (CE) diameter (i.e., the diameter of a circle with the same
area as the particle’s projected area on the normal plane [138]), circularity (defined as circle
equivalent perimeter divided by the actual perimeter), and elongation (i.e., 1-width/length) were
also measured. The powder shape morphology was also obtained with scanning electron
microscopy (SEM) in order to compare unused and re-used powder batches. In this paper, the
powder samples used for the full layouts are categorized into Batch 1 (i.e., unused), Batch 5 (re-

used 4 times), Batch 10 (re-used 9 times), and Batch 15 (re-used 14 times).
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Quasi-static tensile tests were performed via an MTS servo-hydraulic load frame with a 100
kN capacity according to ASTM E8 [53] on three specimens at a strain rate of 0.001 s!. Strain-
controlled tensile tests were performed up to 0.045 mm/mm, followed by extensometer removal,
and continued in displacement control until specimen failure. Fully reversed strain-controlled
fatigue tests (R, = —1) according to ASTM E606 [135] were conducted on as-built specimens at
two different strain amplitudes, €,, of 0.004 mm/mm and 0.002 mm/mm to study low and high
cycle fatigue regimes, respectively. Strain amplitudes of 0.0025 mm/mm, 0.003 mm/mm, and
0.004 mm/mm in fully reversed condition (R, = —1) were used for machined specimens to
evaluate their high, intermediate (or mid), and low cycle fatigue regime behaviors, respectively.
In this study, low cycle fatigue (LCF) and high cycle fatigue (HCF) regimes are associated with
high and low strain amplitudes. At least, two specimens were tested at each strain level to check
the repeatability of the results. The frequency at each strain level was adjusted to maintain similar
average cyclic strain rates among all tests to minimize any variations due to strain dependent

deformation effects.

Fracture surfaces were analyzed via a Keyence VHX-6000 digital microscope to investigate
the shape and size of the crack initiation sites. In addition, porosity measurements were carried out
by serial cross-section analysis of specimens from Batch 1 and Batch 15 and analyzed using the
Keyence VHX-6000 digital microscope at 500X to compare the porosity of the produced parts.
Surface roughness of the specimens was also measured using Mahr MFW-250, which consists of
a stylus instrument traversing perpendicular to the surface at constant speed to measure the surface
profile for calculating the roughness parameters.

4.3. Experimental Results

4.3.1. Powder Characteristics
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One of the most important characteristics of the powder particles is their size and shape
morphology which may affect physical properties of the powder such as flowability. The PSD
diagrams of Batches 1, 5, 10 and 15 are shown in Fig. 33. An enhanced view of PSD for finer
particles (smaller than 15 pm) is also included. Although the variation in PSD between powder
batches does not appear to be significant, powder re-use results in the PSD diagram to become
somewhat narrower (the width of PSD was 45 um for Batch 1 and 41 um for Batch 15) and the
circular equivalent (CE) diameter slightly decreases with continued powder re-use (it was
measured as 30.8 pm for Batch 1 and 28.4 um for Batch 15).

The difference in CE diameters can be related to the sieving and manufacturing processes.
The large agglomerates can get detached or break down by the filtration. The reduction of large
agglomerates was verified by Doo measurement which gives the particle size below which 90% of
the sample lies [10]. The Dgo was measured to decrease from 43.40 um in Batch 1 to 40.20 pm in
Batch 15. Very fine particles can also spatter (be ejected) from the build plate when the laser scans
that area and/or they may be included in the melting and subsequent solidifying process [7]. The
number of very fine particles (smaller than 15 pm) was found to decrease with re-using the powder
from 9% to 6% of the powder samples. Therefore, as the satellites are shed from the agglomerates,
the CE diameter will become more representative of the parent particle rather than the cluster of
particles. Powder flowability and packing state may improve by the reduction of very fine particles
and large agglomerate due to relatively high interparticle frictional forces of fine particles and void

spaces between agglomerates [7,10,13].
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Fig. 33 Particle size distribution (PSD) of Batch 1 (unused), Batch 5 (re-used 4 times), Batch 10
(re-used 9 times), and Batch 15 (re-used 14 times) showing the PSD becomes slightly narrower
and shifts to the left by re-using the powder.

The shape morphology of powder particles captured via SEM is shown in Fig. 34. No apparent
change in shape can be observed as a result of continuous powder re-use. It can also be observed
that most particles remained spherical after re-using the powder. This was verified by measuring
the particles’ circularity which was comparable for all the powder batches (0.87-0.88). Elongated
particles can cause friction between particles which may impede the flow [10]. Therefore, having
less elongated particles in the powder batch can contribute toward a better powder flowability.
Needles have elongation (1-width/length) values approaching to 1. The particles’ elongation was

measured to be 0.20 for Batch 1 and 0.19 for Batch 15. Hence, no effect of re-using the powder on

elongation was found in this study.
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Fig. 34 Powder shape morphology for (a) Batch 1 and (b) Batch 15 obtained via SEM.

Apparent/bulk and tapped density values of the powder batches have been listed in Table 13.
The bulk density shows an increase with continuous powder re-use. Tapped density was also
increased slightly with re-using the powder. The increase in bulk and tapped densities can be due
to existence of fewer agglomerates in the re-used powder batch resulting in less empty spaces
within the powder batch. It should be noted that although finer particles can fill in the void/empty

spaces between the larger particles [10], they may also adhere to large particles due to their larger
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interparticle frictional forces and cohesivity [7], form more agglomerates, and leave void spaces
in the powder bulk. As a result, the larger apparent and tapped density values of the re-used powder
batches can be due to a more uniform particle size distribution and better packing state.

The existence of more void spaces within the powder bulk can lead to more gas entrapment
during melting/solidification, which can form gas-entrapped pores in the material during
melting/solidification process. The compressibility of a powder bulk can increase due to more void
spaces between the powder particles. Hence, the compressibility of all batches was measured, and
it was observed that the compressibility of Batch 1 was 4.65 % compared with 1.97 % for Batch
15. This means that Batch 1 is more compressible. The higher sensitivity of Batch 1 to compression
can indicate the existence of more void spaces within the Batch 1 powder bulk. As a result, it may
be postulated that the existence of more agglomerates and very fine particles, and subsequently,

higher cohesion within Batch 1 can result in more empty spaces entrapped within the powder bulk

[7,10].
Table 13. Apparent/bulk and tapped density values of Batches 1, 5, 10, and 15.
Powder batch Batch 1 Batch § Batch 10 Batch 15
Bulk density (g/ml) 3.87 4.03 4.14 4.19
Tapped density (g/ml) 4.37 4.38 4.40 4.44

To verify this understanding, permeability of different powder batches was quantified.
Permeability indicates how easily a gas (i.e., nitrogen) can flow through a material (i.e., powder)
[138]. Permeability is inversely correlated with pressure drop due to applied normal stresses on
the powder bulk [7,138]. This means that powder with a greater pressure drop is the least
permeable one. As seen in Fig. 35, pressure drop in Batch 15 is higher than all the other batches.
This may imply that the Batch 15 is the least permeable powder. As it was explained by the

differences in compressibility values between different powder batches, nitrogen gas can flow
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more easily within Batch 1 and least easily within Batch 15. The higher permeability of nitrogen
within Batch 1 is mainly due to more empty spaces and less barriers due to agglomerations
existence within the powder batch, which leads to a relatively smaller pressure drop (see Fig. 35),
less apparent and tapped densities (see Table 13), and more compressibility. However, in Batch
15, with less agglomerates, there are fewer empty spaces, and therefore, gas has more difficulties

going through the powder batch, which in turn increases the pressure drop.
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Fig. 35 Pressure drop versus applied normal stress on the powder bulk for Batches 1, 5, 10, and
15 showing the highest pressure drop for Batch 15 and the lowest for Batch 1.

A method to show the higher cohesion and interparticle frictional forces within Batch 1
compared with other batches is to perform shear cell test. In shear cell test, powder is sheared to
obtain its shear strength properties [139]. Higher shear strength represents higher resistance for
powder to flow [138], and thus, less flowability resulting in less uniform powder distribution on
the build plate. Shear cell tests were performed according to ASTM D7891 [57] at applied normal
stresses up to 2 kPa. It can be observed from Fig. 36 that Batch 1 has the highest shear stress under
different normal stress levels. Additionally, the cohesion within each powder batch was measured

to be 0.250 kPa for Batch 1 compared with 0.128, 0.158, and 0.160 kPa respectively for Batches
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5, 10, and 15. This shows that at a constant applied normal stress (e.g., powder stored in the feed
bin can experience a consolidation stress), Batch 1 requires more shear stress in order to flow due

to higher cohesivity.
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Fig. 36 Shear stress versus applied normal stress on the powder bulk for Batches 1, 5, 10, and 15
showing a higher shear stress for Batch 1 as compared to the other batches.

4.3.2. Porosity within the Fabricated Parts

Pores at the gage section of representative specimens fabricated from Batch 1 (i.e., unused)
and Batch 15 (i.e., re-used 14 times), one from the front and one from the back of the build plate,
were measured via digital microscopy and their size distributions are presented in Fig. 37. Porosity
measurements were conducted on three different cross sections at the gage of each representative
specimen. Pores with diameters smaller than 5 um were disregarded from this analysis since they
have relatively small probabilities to initiate a fatigue crack considering the maximum pore sizes
observed. The average and maximum pore diameters for the specimen from Batch 1 (see Fig. 37
(a)) in front were found to be 9.4 and 26.6 um, respectively. Similar analysis on the gage section
of a specimen from Batch 1 in back (see Fig. 37 (b)) resulted in average and maximum pore

dimeters of 10.4 and 33.7 pm.
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The number of pores was also obtained and found to be relatively higher for the specimen in
back compared with the front one (~14% increase). Comparable procedures were also performed
on specimens from Batch 15 in front and back (see Fig. 37(c) and (d)). It was found that the number
of pores was relatively lower for the specimen in back by 5%. However, the average and maximum
pore diameters were still larger in the specimen from Batch 15 in back compared with the specimen
in front. The average and maximum pore diameters were 9.2 and 24 pm for the specimen in front
and 9.8 and 29.8 um for the specimen in back. It should be noted that the number of pores reported
is the average of the number of pores found on each section. It is also worth noting that the
maximum pore size reported in Fig. 37 is the maximum found on the 3 sections cut from each
specimen and does not necessarily represent the maximum pore size in the specimen.

It can be concluded that the pore sizes are relatively larger for the specimens fabricated from
Batch 1 compared with the counterparts from Batch 15. The decrease in pore sizes of specimens
fabricated from re-used powder can be related to the lower compressibility, and consequently, the
better packing state of re-used powder compared with the unused powder which results in denser
parts. In addition, the number and size of pores for the unused powder specimen in back were
relatively larger than the specimen in front. However, the differences between the number and size
of pores in front and back specimens were decreased with continuously re-using the powder which
indicates more layer uniformity of re-used powder. Hence, it can be assumed that powder
flowability improved by continuous powder re-use, which resulted in the reduction of finer

particles and agglomerates, as discussed in the previous section.
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Fig. 37 Pore size distribution obtained from multiple cross sections at the gage of the specimens
from (a) Batch 1 in back, (b) Batch 1 in front, (c) Batch 15 in back, and (d) Batch 15 in front.

4.3.3. Tensile Behavior

Tensile behavior of LB-PBF 17-4 PH SS specimens fabricated from Batches 1, 5, 10, and 15
from different locations (one from back and two from front for each batch) in as-built condition is
shown via engineering stress versus engineering strain and engineering stress versus displacement
curves in Fig. 38(a) and (b), respectively. One curve for each batch is presented in these figures
due to negligible changes on tensile behavior as a result of specimen’s location on the build plate.
As seen in Fig. 8, no significant effect on tensile properties including UTS and YS was observed
due to powder re-use either. The UTS was found to remain comparable around 1203 MPa for

Batch 1 and 1193 MPa for Batch 15 [129]. The YS was also measured according to 0.2% offset
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approach, and it was found to be 1155 and 1138 MPa for Batch 1 and 15, respectively. It should

be noted that the tensile properties were obtained from the previous work of authors [129].

. Aoy - . s
True fracture strain, &¢, was also measured by ln(A—O), in which A, and Ay are initial and
f

fracture cross-sectional areas of the gage [71]. The true fracture strain was found to be 0.35 and
0.40 for specimens fabricated from Batch 1 and 15, respectively, showing relatively higher
ductility with continuously re-using the powder which can be related to the lower porosity in
specimens from re-used powder. Since no difference in microstructure of the specimens fabricated
from unused and re-used powder was expected due to powder re-use and heat treatment [7,136],
changes in material strength were expected to be negligible. A summary of the main tensile

properties is provided in Table 14.
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Fig. 38 Tensile behavior of LB-PBF CA-H1025 17-4 PH SS specimens fabricated from Batches
1,5, 10, and 15 in the as-built surface condition: (a) engineering stress-strain and (b) engineering
stress-displacement curves adapted from [129].

Table 14. LB-PBF CA-H1025 17-4 PH SS tensile properties obtained from as-built specimens

[129].
Batch UTS (MPa) | YS (MPa) | & (mm/mm)

1 1203 1155 0.35

5 1201 1151 0.42

10 1198 1156 0.44

15 1193 1138 0.40
4.3.4. Fatigue Behavior
Strain-controlled fully reversed (R, = —1) tests were performed on both as-built and

machined specimens fabricated from unused and re-used powder batches. The effect of specimen
location on the build plate on the fatigue behavior was also investigated by comparing samples
from the same batch, however, with different locations; i.e., front or back. A summary of strain-
controlled fatigue test results for specimens fabricated from 17-4 PH SS via LB-PBF in as-built
and machined conditions and heat treated utilizing CA-H1025 procedure is presented in Table 15

and Table 16, respectively. Results are categorized for different batches and from two different
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locations (i.e., front versus back). Cyclic modulus of elasticity of the stable cycle, E’, strain
amplitude, €,, mid-life stress amplitude, ,, and mean stress, g,,, as well as number of reversals
to failure, 2Ny, are included in Table 15 and Table 16. It is important to mention that no substantial
plastic deformation occurred for any of the LB-PBF 17-4 PH SS specimens in this study.

Table 15. Strain-controlled fully reversed fatigue test results obtained from LB-PBF CA-H1025
17-4 PH SS specimens in as-built surface condition.

Surface . . &g 2N
condition | -ocation | E"(GPa) (mm/mm) | %° (MP2) | O (MP2) (Re\’ergals)
Batch 1
As-built Back 194 0.0040 797 44 6,154
As-built Front 198 0.0040 801 -5 9,844
As-built Front 201 0.0020 407 -5 174,348
As-built Back 199 0.0020 401 -3 200,654
As-built Back 201 0.0020 405 -5 203,878
Batch 5
As-built Front 196 0.0040 801 -11 10,178
As-built Back 196 0.0040 801 -8 10,480
As-built Front 188 0.0020 382 -2 58,550
As-built Front 201 0.0020 407 4 62,434
As-built Back 199 0.0020 403 -4 98,038
As-built Front 199 0.0020 401 -1 191,532
Batch 10
As-built Back 196 0.0040 793 -4 9,370
As-built Front 196 0.0040 797 -4 11,150
As-built Front 199 0.0020 401 4 75,996
As-built Front 198 0.0020 402 -1 117,696
As-built Back 198 0.0020 398 -2 209,518
Batch 15
As-built Back 196 0.0040 797 -1 12,982
As-built Front 197 0.0040 801 -10 13,450
As-built Front 200 0.0020 400 -3 97,847
As-built Front 200 0.0020 403 -5 230,788
As-built Back 199 0.0020 401 -1 235,294

Table 16. Strain-controlled fully reversed fatigue test results obtained from LB-PBF CA-H1025
17-4 PH SS specimens in machined surface condition.
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Surface . ; Eq 2N
condition Location | E' (GPa) (mm/mm) 9o MP2) | 0y, (MP2) (Reverials)
Batch 1
Machined Back 200 0.0040 812 17 10,564
Machined Back 201 0.0040 811 -9 14,146
Machined Front 200 0.0040 814 -16 63.300
Machined Front 199 0.0040 805 -14 69,988
Machined Back 199 0.0030 603 -4 76,638
Machined Back 203 0.0030 612 -3 97,828
Machined Back 205 0.0025 512 11 100,492
Machined Back 205 0.0025 518 -41 193.634
Machined Front 201 0.0030 609 -1 287,624
Machined Front 197 0.0030 603 -24 459,082
Machined Front 203 0.0025 510 -6 1,747,292
Machined Front 201 0.0025 508 12 9,194,508
Batch 15

Machined Back 196 0.0040 801 -14 24.978
Machined Back 202 0.0040 826 -33 31,044
Machined Front 203 0.0040 823 10 59,298
Machined Front 204 0.0040 823 -11 66,154
Machined Back 204 0.0030 619 -2 118,476
Machined Front 203 0.0030 615 1 119,494
Machined Back 199 0.0030 599 -2 150.470
Machined Front 205 0.0030 621 15 304,992
Machined Back 203 0.0025 514 18 4,523,250
Machined Back 199 0.0025 505 | 6,379,896
Machined Front 202 0.0025 508 -4 15,084,902
Machined Front 202 0.0025 510 -16 18.417.542

Strain-life comparison of specimens in the as-built condition form different batches is shown
in Fig. 39. Fatigue lives are presented on a semi-log plot with strain amplitude, €,, on Y axis and
number of reversals to failure, 2N¢, on X axis. Specimens were tested in two different strain levels.
As seen in Fig. 39, no effect of powder re-use was observed on the fatigue life of specimens with
as-built surface condition. In addition, no effects of location (i.e., front versus back location) on
fatigue life of LB-PBF specimens in the as-built surface condition can be observed from this figure.
Therefore, no specific trend in fatigue life as a result of re-using the powder nor location was

observed when specimens were kept in their as-built surface condition.
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Fig. 39 Strain-life fatigue behavior of LB-PBF CA-H1025 17-4 PH SS specimens in the as-built
surface condition fabricated from Batch 1 (B1), Batch 5 (BS), Batch 10 (B10), and Batch 15
(B15) in front and back locations.

Strain-life fatigue behavior comparison of LB-PBF CA-H1025 17-4 PH SS specimens from
Batch 1 and Batch 15 fabricated in front location (i.e., closer to the feed bin) and in machined
surface condition is shown in Fig. 40(a). Due to the stochastic nature of the defect size and number
in the specimens, the fatigue lives show greater scatter in the machined surface condition as
compared to the as-built surface condition. It can be seen that continuously re-using the powder
did not affect the fatigue behavior in low cycle fatigue (LCF) and mid cycle fatigue (MCF)
regimes. In the high cycle fatigue (HCF) regime, however, a gap between fatigue lives of machined
specimens fabricated from Batch 1 and Batch 15 can be observed. In this regime, fatigue life
appears to be improved by re-using the powder. A similar trend was also observed in Fig. 40 (b)
for the machined specimens fabricated from Batch 1 and 15 in the back location (i.e., further away
from the feed bin). As shown in Fig. 40 (b), the variation between the results is not significant in
LCF and MCF regimes, although it can be seen that specimens fabricated from Batch 15 had

slightly longer fatigue lives compared with the ones from Batch 1. However, the HCF lives were
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improved by continuously re-using the powder. In addition, the difference observed in the HCF
data between specimens fabricated by unused and re-used powder batches in the back location was
more significant as compared to the counterparts from front location (compare Fig. 40(a) and (b)).

The effect of part location on the build plate on the fatigue lives of LB-PBF CA-H1025 17-4
PH SS machined specimens is shown in Fig. 41(a) and (b), respectively for Batch 1 and Batch 15.
The effect of powder re-use on the fatigue behavior of specimen is ruled out by considering the
specimens from the same batch but different locations. As it can be observed from Fig. 41(a) and
(b), the fatigue lives of specimens from front location are relatively greater than the ones from
back location, independent of strain level. It can be observed from Fig. 41(b) that the gap between
fatigue lives of front and back location specimens was reduced with continuous re-use of the
powder. It may be presumed that specimens from front location consistently have a greater fatigue
life compared with the ones from back location; however, such differences are reduced by re-using

the powder.

120



0.0045
g B Batch |
EE 0.0040 | @ @ Batch 15
= 0.0035 |
3
& 0.0030 r e BE
3
< 00025 | = me
§ Front-Machined
“0.0020 S — Ll o
1.LE+3 1. E+4 1E+5 1E+6 1.E+7 1.E+8
Reversals to Failure, 2N,
(a)
0.0045
@ O Batch 1
g 0.0040 L o OBatch 15
« (0.0035 |
3
= 0.0030 OIaD
5
= 0.0025 | 0O O
§ Back-Machined
“0.0020
1.LE+3 1.E+4 1.E+5 1.E+6 1E+7 1E+8
Reversals to Failure, 2N,
(b)

Fig. 40 Strain-life fatigue behavior of LB-PBF CA-H1025 17-4 PH SS specimens in machined
surface condition fabricated from Batch 1 and Batch 15 in (a) front and (b) back locations.
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Fig. 41 Strain-life fatigue behavior of LB-PBF CA-H1025 17-4 PH SS specimens in machined
surface condition fabricated from (a) Batch 1 and (b) Batch 15 in front and back locations.

4.3.5. Failure Analysis

Fractography analysis via digital microscopy was performed on the fracture surfaces of as-
built and machined specimens from different locations. It was observed that in all as-built
specimens, cracks started from the micro notches on the surface of the specimens due to rough

surfaces inherent to the LB-PBF process. This was consistent for specimens from different batches
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regardless of the powder re-using iteration or specimen location. Fracture surface of an as-built
specimen fabricated from Batch 1 in front and tested at £, =0.004 mm/mm with 9,844 reversals
to failure is shown in Fig. 42(a). A focused view of the fracture surface is also presented in the
excised area. As shown in this figure, cracks have initiated from multiple locations and even
different layers (shown by white arrows), propagated, coalesced to form a larger crack and
continued to propagate until the part failed.

The fracture surface of a Batch 1 counterpart from the back location at £, =0.004 mm/mm
with 6,154 reversals to failure is shown in Fig. 42(b). A similar trend was observed that cracks
initiated from multiple locations at different layers and coalesced before final part failure. In Fig.
42(c), a specimen fabricated from Batch 15 and front location at ¢, =0.004 mm/mm is shown with
13,450 reversals to failure. Although this specimen had a longer fatigue life compared with its
counterpart from Batch 1 at the same strain level, a similar trend in fatigue failure was observed
in which cracks initiated from multiple locations and different layers. Similar failure mechanism
was also observed for the specimens tested at £, =0.002 mm/mm. All cracks initiated from

multiple locations on the surface, although there was more scatter in data at this strain level.
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Fig. 42 Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS specimens in as-built surface
condition from (a) Batch 1 and front with 9,844 reversals to failure, (b) Batch 1 and back with
6,154 reversals to failure, and (c) Batch 15 and front with 13,450 reversals to failure, all tested at
0.004 mm/mm strain amplitude.
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A comparable procedure was performed for specimens in the machined surface condition from
different locations and powder batches to analyze their fracture surfaces. It was observed that
cracks usually started from internal pores or the pores that were brought closer to the surface due
to machining. As seen in Fig. 13(a), cracks initiated from two gas-entrapped pores close to the
surface of a specimen fabricated from Batch 1 in front with 1,747,292 reversals to failure at
&q =0.0025 mm/mm. The crack initiation site is illustrated with white arrow. A close-up of the
crack initiation site is also shown in the same figure detailing the characteristics of the defects
associated with crack initiation. In the close-up, it can be observed that the crack initiated from the
two gas-entrapped pores with spherical shape and in proximity of each other which were brought
close to the surface by machining.

Fig. 43(b) shows a specimen from the same powder batch however from the back location and
100,492 reversals to failure at the same strain amplitude of ¢, =0.0025 mm/mm. Cracks were
observed to be initiated from a lack-of-fusion (LoF) defect shown by white arrow which was
brought to the surface by machining. Additionally, multiple LoF defects were observed on the
fracture surface of this specimen which are shown by yellow arrows. Interestingly, no LoF defect
was found during the porosity analysis for which the results are presented in Fig. 37. This can be
explained by the fact that LoF defects are slit shaped and do not have much heights and they occur
between two consecutive layers, which is 40 um (as the powder layer thickness) for the LB-PBF
17-4 PH SS specimens fabricated in this study. The porosity size distributions in this study were
performed by randomly cutting the gage section of representative specimens throughout the gage
length and in radial direction and observing the cut section under microscope to count and measure
pores. Considering the shape and spacing of these potential LoF defects, it is very easy to miss

them during the porosity analysis performed in this study.
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Fig. 43 Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS specimens in machined surface
condition fabricated from (a) Batch 1 and front with 1,747,292 reversals to failure, and (b) Batch
1 and back with 100,492 reversals to failure, both tested at 0.0025 mm/mm strain amplitude.

Fracture surfaces of machined specimens from Batch 15 fabricated in front and back locations
were also analyzed using the same approach. Fracture surface of LB-PBF specimen fabricated
from Batch 15 in front at £, =0.0025 mm/mm with 15,084,902 reversals to failure is presented in
Fig. 14(a). An enhanced view of the crack initiation site is also included. It can be observed that

cracks initiated from a spherical pore close to the surface, shown by white arrow, of the front
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location specimen resulting in the part failure. Similar analysis on the fracture surface of a
machined specimen from Batch 15 and fabricated in the back location at £, =0.0025 mm/mm with
4,523,250 reversals to failure at the same strain amplitude is shown in Fig. 44(b). This image
indicates that the cracks initiated from an internal LoF defect, which led to the part failure. The
LoF defect is also shown by white arrow.

It was observed that failure was occurred comparably in the specimens fabricated from Batch
1 and 15 and from the front location (see Fig. 43(a) and Fig. 44(a)). In these specimens, failure
was due to crack initiations from gas-entrapped pores. However, in the specimens fabricated from
Batch 1, cracks consistently initiated from larger gas-entrapped pores under the same strain
amplitudes. In addition, the cracks were observed to initiate from gas-entrapped pores (usually
spherical) in the specimens located in the front location regardless of the powder batch used.
However, failure occurred by larger irregular shaped LoF defects in the specimens from the back.
Therefore, it may be assumed that even on the same build plate, parts can have distinctly different

performances due to the variation of powder characteristics in different locations.
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Fig. 44 Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS specimens in machined surface
condition fabricated from (a) Batch 15 and front with 15,084,902 reversals to failure, and (b)
Batch 15 and back with 4,523,250 reversals to failure, both tested at 0.0025 mm/mm strain
amplitude.

The cracks initiated similarly from LoF defects in the specimens fabricated in the back of the
build plate from both Batch 1 and Batch 15. However, as shown in Fig. 43(b), the LoF defect was
larger compared with the defect in the specimen fabricated from Batch 15 and same location (see
Fig. 44(b)). This trend was observed for all the specimens analyzed in this study. The specimen
fabricated from Batch 1 and from the back had a much shorter fatigue life as compared to the
specimen from Batch 15 and the comparable location at the same strain amplitude. Therefore, in
all the specimens with similar location and strain amplitude, cracks initiated from relatively larger
defects (i.e., gas-entrapped pore or LoF) in the specimens fabricated from unused powder
compared with the specimens from re-used powder. The larger defects in specimens fabricated
from unused powder resulted in shorter fatigue lives compared with the counterparts fabricated
from re-used powder. Moreover, in the specimens from the same batch, the defects were gas-
entrapped pores in the specimens in front while there were more LoF defects in the specimens

located in back.
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4.4. Discussion on Experimental Results

Tensile monotonic behaviors of specimens from different batches were presented in Fig. 38
and Table 14. No significant variation in tensile properties including UTS and YS due to powder
re-use nor location was observed. Similar observations have been made for specimens fabricated
from unused and re-used powder via LB-PBF Ti-6Al-4V [7], Inconel 718 [131], and 17-4 PH SS
[96] showing comparable tensile strength with re-using the powder. Comparable tensile behaviors
obtained in this study may be resulting from the limited effects powder re-using has on the
microstructure and chemical composition of the fabricated parts [7,15]. However, the true fracture
strain was observed to slightly increase with continuously re-using the powder, which may be
explained by relatively less porosity in specimens fabricated from re-used powder as compared to
the ones fabricated from unused powder, as evident from Fig. 37.

Fatigue testing of CA-H1025 17-4 PH SS parts fabricated via LB-PBF in the as-built surface
condition showed no significant trend in fatigue life as a result of powder re-use (see Fig. 39). The
reason can be explained by crack initiation sites from rough surfaces of as-built specimens, which
act as micro-notches and dominate the fatigue behavior [73] (see Fig. 42). Although average
surface roughness, R, is not the most representative surface parameter for the fatigue behavior
[140], R, was measured for 12 specimens from different batches and locations, and all the
measurements were around 7-9 um. Not only did the surface roughness dominate the effects of
powder re-use, but it also surpassed the effects of front and back locations (see Fig. 39) when the
specimens were kept in their as-built surface condition.

In the machined surface condition, there was an observable difference between the fatigue
lives of parts fabricated from Batch 1 and Batch 15 at the same location (see Fig. 40(a) and (b)) in

the HCF regime. An improved fatigue resistance was observed for the specimens fabricated from
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Batch 15 at ¢, = 0.0025 mm/mm compared with the ones from Batch 1 at the same strain level.
This behavior may be explained by the importance of the crack initiation stage in the HCF regime,
which dominates the fatigue degradation process [71]. Cracks typically initiate from defects
especially the ones that are closer to the surface or brought to the surface by machining. Therefore,
the projected area of the crack-initiating defect on the loading plane from the fractography analysis
was measured and the defect size was calculated based on Murakami’s approach [74]. In this
approach, the defect size is presented by the square root of the projected area on the loading plane.

The defect diameter in the normal plane was measured to be 73 um (surface defect) for the
specimen fabricated from unused powder in front with 1,747,292 reversals to failure (see Fig.
43(a)). This defect was much larger than the maximum pore size observed in Fig. 7(a) since the
crack initiated from two gas-entrapped pores close to each other, and both pores were considered
to estimate the effective defect diameter. It should be noted that the maximum pore size reported
in Fig. 37 1s the maximum found from a 2D analysis by limited sectioning and does not necessarily
represent the maximum defect size in the specimen. The defect diameter was 34 um for the
specimen fabricated from re-used powder and on the front of the build plate, resulting in
15,084,902 reversals to failure (see Fig. 44(a)).

Comparably, the defect diameters were calculated for the specimens fabricated from Batch 1
and Batch 15 in the back. The defect diameter was measured to be 90 um (surface LoF defect) for
the specimen fabricated from Batch 1 in back location with 100,492 reversals to failure (see Fig.
43(b)), while it was 69 um (internal LoF defect) for the specimen fabricated from Batch 15 in the
back with 4,523,250 reversals to failure (see Fig. 44(b)). Internal defects are considered to be more
than the estimated defect diameter away from the surface, while a defect is known as a surface

defect when its distance to the surface is less than its diameter. In the case of surface defects, the
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area between the defect and surface of the part is also considered in the area calculations.
Therefore, internal defects with comparable sizes to surface defects are expected to be less
detrimental to fatigue failures. In addition, the average diameter of crack-initiating defects for all
the specimens fabricated from unused powder in front and back at £, = 0.0025 mm/mm was 60
um and 88 um, respectively. The average diameter of crack-initiating defects of all re-used powder
specimens at £, = 0.0025 mm/mm was relatively smaller than unused powder specimens, and
measured to be 31 um and 64 um respectively for front and back specimens.

Additionally, it was observed from Fig. 37 that the maximum pore diameters are consistently
smaller in the specimens fabricated from Batch 15 compared with Batch 1; about 9% and 12%
smaller for the specimens in front and back, respectively. Moreover, the average pore diameters
slightly decreased for the specimens fabricated from Batch 15 compared with the specimens from
Batch 1 independent of location. The decrease in maximum and average pore sizes of the Batch
15 specimens can be attributed to the lower compressibility of Batch 15 as compared to Batch 1,
derived from the reduction of agglomerates by powder re-use. This reduction in compressibility
insinuates that the powder is naturally in a better packed state with fewer gaps between powder
particles. This more uniform packing state during the melting and solidifying process can attribute
to the smaller defect sizes observed in the specimens fabricated from the re-used powder batch [7].
The decreased defect size in specimens fabricated from re-used powder results in them having
longer fatigue lives as it takes longer time to develop stable cracks when pores are smaller.

The non-uniform packing state of unused powder was also verified by permeability results.
The higher permeability of Batch 1 showed that the gas can flow easier through the powder due to
less barriers and more empty spaces within the batch. The gas in these empty spaces may not

completely escape the melt pool during melting and solidification in the AM process, and can be
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entrapped, introducing more gas-entrapped pores in the final fabricated parts. The reason for the
smaller LoF defects, observed in the specimens fabricated from re-used powder compared with
unused powder specimens (see Fig. 43(b) and Fig. 44(b)) is still unclear to authors. However, the
thermal properties of the powder batches such as thermal conductivity may improve with re-using
the powder [7] which may be attributed to the less compressibility and empty spaces of the re-used
powder batch as compared to the unused one. Thus, the increase in thermal conductivity can lead
to an increased energy absorption of the powder, resulting in a more stable melt pool and a better
fusion between layers.

The difference in fatigue lives of the specimens from different locations can be illustrated
based on the fact that powder is spread on the build plate using a recoater/wiper in the LB-PBF
process. Therefore, some variations in powder characteristics in different locations can be expected
as aresult of spreading. These variations were also indicated by observing different types of defects
on the fracture surface of machined specimens from the back compared with the counterparts from
the front of the build plate. As seen in Fig. 43(b) and Fig. 44(b), the defects in specimens fabricated
in the back were LoF, while in the specimens from the front, failure happened from gas-entrapped
pores (see Fig. 43(a) and Fig. 44(a)). Additionally, the defect diameters (based on Murakami’s
approach [74]) of the specimens fabricated from Batch 1 and Batch 15 in the back were measured
to be 90 um and 69 pum, respectively, as compared to the counterparts in front with defect areas of
73 um for Batch 1 and 34 um for Batch 15. The smaller defect size in specimens fabricated in front
compared to the ones fabricated in the back of the build plate (also see Fig. 37) explains the longer
fatigue lives observed for specimens fabricated in front (see Fig. 41).

The observed difference between the defect distribution and size in the specimens from the

same batch but fabricated in different locations can be attributed to the powder flowability. The
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presence of large agglomerates in the powder batch can disrupt the smooth flow of powder across
the build plate by moving in lumps and leaving empty spots on the build plate [7,10]. Additionally,
fine particles may deteriorate powder flowability due to higher interparticle frictions and cohesion
between fine particles and their tendency to agglomeration [9,10,130,133,141-145]. Therefore,
the unused powder with more very fine particles and large agglomerates had inferior flowability,
resulting in poor powder spreadability and layer uniformity on the build plate. However, by
continuously re-using the powder, the number of large agglomerates and fine particles decreased
leaving particles with more comparable sizes in the re-used batch (see Fig. 33). Therefore,
flowability improved by powder re-use resulting in less difference in fatigue lives of specimens
from the re-used powder batch in different locations compared with specimens from unused
powder, as evident from Fig. 41(a) and (b).

The improved flowability of the powder by re-using can be also understood by comparing the
permeability and cohesion of different powder batches (see Fig. 35 and Fig. 36). Permeability
decreased from Batch 1 to Batch 15 which can be related to the reduction of large agglomerates
from the batch. In addition, powder cohesion, which evaluates the tendency of fine particles to
agglomerate [10], decreased with powder re-use. Therefore, the combination of decreased
permeability and lower cohesion can indicate that there are fewer fine particles as well as
agglomerates within the re-used powder resulting in better flowability of this batch. It should be
noted that the longer exposure of re-used powder to higher temperatures, and consequently, less
moisture content, might have also contributed to some extent to the more flowability of re-used
batch [10,13]. In the absence of humidity, re-used powder particles are less prone to agglomeration
resulting in a more uniform powder layer on the build plate, and consequently, a smaller gap

between the fatigue lives of front and back specimens in low, mid and high cycle fatigue regimes.
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4.5. Conclusions

In this study, effects of powder re-use on mechanical properties of parts fabricated from 17-4

PH SS via LB-PBF additive manufacturing process were studied. In addition, the dependency of

the mechanical properties on the location of the specimen on the build plate was also investigated.

Specimens were fabricated and tested in two surface conditions; as-built and machined. The

powder was continuously re-used in order to fabricate 15 consecutive sets. Powder characteristics

were also analyzed in relation to the observed mechanical properties. Overall, the experimental

results in this study have shown that both location of the specimen on the build plate and the

powder characteristics, as they get affected by the powder re-use, can be influential on the fatigue

performance of LB-PBF fabricated materials. In addition, based on the results, the following

conclusions can be made:

1.

The high cycle fatigue behavior of machined LB-PBF CA-H1025 17-4 PH SS
specimens was observed to improve by continuously re-using the powder. Specimens
fabricated from heavily re-used powder (re-used for 14-times) had a better fatigue
strength in the high cycle regime than the specimens fabricated from unused powder.
The improved fatigue behavior in the high cycle regime was related to the reduced
compressibility of the powder after re-using due to the reduction of agglomerates. Less
agglomerates in the re-used powder reduces the presence of empty spaces in the powder
bulk which could have resulted in generation of larger and more pores during
fabrication.

Fatigue behavior of parts in the machined surface condition was observed to be
dependent on the part location on the build plate with relatively higher fatigue lives for

the specimens closer to the powder feed bin compared with the ones further away from
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the feed bin. However, the location dependency of the fatigue behavior was decreased
with re-using the powder.

4. Powder flowability improved by continuously re-using the powder due to the reduction
of fine particles and agglomerates in the re-used powder batches. This improved
flowability was argued to be the main reason for the reduction in the location
dependency of the fatigue behavior.

5. Fatigue behavior of parts in the as-built surface condition was insensitive to powder re-
use or part location upon the build plate. Relatively high surface roughness as a result
of the LB-PBF process was the dominating factor affecting the fatigue degradation in
both high and low cycle fatigue regimes.

6. No significant variation in tensile properties including yield and ultimate tensile
strengths was observed as a result of powder re-use or specimen location on the build
plate. Elongation to failure was observed to slightly increase by powder re-using and
its effect on reducing the porosity.

In closing, the findings of this study indicate that powder characteristics can vary not only for
successive builds but also for different locations on a single build; thus, highlighting the
importance of standardizing powder handling and re-using/reconditioning practices. The existence
of standardized practices can ensure repeatable quality builds across the build plate and on multiple
platforms. Therefore, further studies are needed to better understand how each powder
characteristic contributes to variations in defect formation and mechanical performance to be able

to propose effective powder handling and re-use procedures/standards.
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5. Mechanical Properties of Laser Powder Directed Energy Deposited NASA HR-1
Superalloy: Effects of Powder Reuse and Part Orientation

5.1. Introduction

NASA HR-1 is a y'-strengthened, Fe-Ni superalloy that NASA originally developed in the
1990s and primarily used in liquid hydrogen rocket engines [146], whose components, such as hot
gas manifolds and regeneratively-cooled nozzles, are exposed to high-pressure hydrogen
environment during normal operations. This alloy has a combination of properties desirable for
this type of applications, including good resistance to hydron embrittlement (HE) and corrosion as
well as adequate strength and ductility. This alloy was essentially developed to replace the
commonly used materials in such applications, including stainless steels (SS), A286, and JBK-75,
which have good HE resistance but lack strength [147]. In addition, the high thermal conductivity
and excellent low-cycle-fatigue (LCF) performance of NASA HR-1 have made this material more
suitable for such harsh environments [2,146,148—150].

This Fe-based superalloy was typically processed via a conventional manufacturing route that
involves vacuum induction melting or vacuum arc melting followed by hot- or cold- rolling to
fabricate individual parts, which are then assembled and/or brazed into engine components. The
significant cost and lead-time for tooling, brazing, and assembly associated with this route make
additive manufacturing (AM) approaches that can fabricate integral components with complex
internal features [2,146,151] especially appealing. Among different AM methods, both laser
powder bed fusion (L-PBF) and laser powder directed energy deposition (LP-DED) have been
experimented with NASA HR-1. Nevertheless, the dimensions of most liquid hydrogen rocket
engine components (on the order of meters) well exceed the build volume of L-PBF systems
(typically well below 1 m*) and make LP-DED technologies, that can fabricate geometric features

as small as 1 mm [146], an ideal choice.
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The geometric resolution and build rate of LP-DED correlate with the size of the melt pool,
which is in turn governed by the laser power and spot size. For instance, small melt pools are
required when fine features (such as thin walls) are fabricated, and large melt pools are needed
when a high build rate is desirable. However, achieving higher geometric resolution is often
traded-off with exceedingly low powder capture efficiency (defined as the fraction of the powder
that is consolidated into the deposited part [152]) due to the smaller melt pools used — as low as
5% [28] compared to the 40-80% reported for normal deposition conditions [28,29]. To circumvent
cost associated with new powder purchase, the uncaptured powder is commonly recycled to be
used for subsequent depositions with or without rejuvenation (i.e., mixing used powder with the
unused one).

Recycled powder, however, typically has different characteristics from its unused (i.e., virgin)
state. For instance, coarsening of particle size distribution (PSD) with the reduction of finer
particles had been observed due to reuse of various alloys during LP-DED, including Ti-6Al-4V
after 10-time reuse and rejuvenated with unused powder at a 1:1 ratio [29], austenitic 316L SS
after 9- and 2-times reuse without rejuvenation [28,153], or Ni-based superalloys after 5-time reuse
[154]. Such variations in PSD and other powder characteristics’ changes such as O content may
lead to build-to-build variations in micro-/defect-structure and mechanical performances of the
fabricated parts. For example, reduced tensile ductility values were reported in Refs. [28,30,153]
when the specimens were deposited using reused 316L SS powder, and were attributed to the more
frequently formed and larger Si- and Mn- oxides in these specimens as compared to their
counterparts fabricated with unused powders.

These reported changes in the microstructure and tensile properties of Ti-6AI-4V [29,155],

316L SS [28,30,153], and Ni-based superalloy parts [154], call for careful evaluation of powder
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reuse’s impact on the structural integrity of NASA HR-1 components before LP-DED and the
associated reuse practice are adopted to these high-value space applications. Given the recent
success in re-flight of space hardware demonstrated by certain private space companies, the
influence of powder reuse on the fatigue performance of LP-DED fabricated parts is of particular
interest.

The present study aims to investigate the effects of powder reuse on tensile and fatigue
properties of LP-DED NASA HR-1 specimens, which is currently lacking in the literature. The
knowledge gained in this investigation will also contribute to the high-priority powder reuse
technical gap identified by America Makes & ANSI Additive Manufacturing Standardization
Collaborative (AMSC) Roadmap [87]. Moreover, the anisotropy in micro-/defect-structure and
mechanical properties and how it is influenced by powder reuse will be investigated by excising
the specimens parallel and perpendicular to the building direction. Following the introduction, the
methodology and experimental results, including powder characteristics as well as defect content,
tensile and fatigue properties of LP-DED NASA HR-1 specimens are presented. Subsequently,
results are discussed, and some conclusions are made.

5.2. Methodology

In this study, rotary-atomized NASA HR-1 powder with a nominal PSD of 45-105 um was
employed in its unused condition for Print 1 via an RPM Innovations (RPMI) 557 LP-DED
machine with 350 W laser power. As shown in Fig. 45, thin walls were deposited in a box-shaped
structure and removed from the substrate using a bandsaw. Based on the heat treatment schedule
developed by NASA [148], the boxes were stress-relieved at 900 °C for 1.5 hours in argon, furnace
cooled, and homogenized at 1163 °C for 6 hours in a vacuum, and furnace cooled. Subsequently,
they were solution treated at 1065 °C for 1 hour, argon quenched, aged at 690 °C and 621 °C for

32 hours, and furnace cooled.
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Fig. 45 A schematic of the LP-DED NASA HR-1 thin walls in (a) and the thin walls after
fabrication in (b) and (c¢).

After each print, the extra powder was collected, sieved using a 100 pm sieve, and reused for
the next iteration without adding unused powder. As the powder was consumed by repeated reuse,
the number of boxes fabricated per print was reduced to ensure the powder was sufficient for each
iteration, namely 7, 7, 4, 3, 2, and 1 box for Prints 1, 2, 3, 4, 5, and 6, respectively. Then, flat
tensile and fatigue coupons were excised from the thin walls by cutting both parallel and
perpendicular to the building direction (see Fig. 46). The tensile and fatigue test specimens were
designed based on ASTM E8 and E466 standards [52,53], as illustrated in Fig. 47(a) and (b). It
needs to be noted that there were no fatigue specimens available from Print 6 in parallel orientation.
The specimens were tested in their as-built surface conditions, and no post-fabrication surface
treatments were conducted. The reason was that this material is often used in its as-built condition

after deposition.
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Fig. 46 Schematic of the orientations of fatigue and tensile test specimens excised parallel and
perpendicular to the building direction from the thin walls with 0.1 mm linear and 0.5° angular

tolerances. The dimensions are in mm.
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Fig. 47 The geometries of ASTM ES8 subsize rectangular tension test specimen in (a) and ASTM
E466 fatigue specimen with tangentially blending fillets between the uniform test section and the

ends in (b). All dimensions are in mm.

Tensile tests were conducted on an MTS Bionix Tabletop Test System, equipped with a 25

kN load cell. Tests were performed displacement-controlled with a nominal strain rate of 0.001
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mm/mm/s according to the ASTM E8 [53]. The local strain information was collected with an
MTS extensometer attached to the specimen. After yielding, the extensometer was removed at
0.05 mm/mm (5%) strain and the tests continued to fracture. After the fracture, the ultimate tensile
strength (UTS), yield strength (YS), percent elongation to failure (%EL), strain hardening
exponent (n), and strength coefficient (K) were obtained. For each reuse condition, three
specimens were tested. Fatigue tests were also conducted using the same load frame according to
ASTM E466 [52]. The test mode was force-controlled in order to avoid potential mean stress
relaxation occurring during strain-controlled testing of thin walls [71]. A stress ratio, Re, of 0.1
was used to prevent specimen buckling. Tests were continued until the final fracture and the
number of reversals to failure (2Ny) were recorded. Tests that did not fail before 107 reversals
were considered as “run-out.”

After fatigue and tensile failures, fracture surfaces were investigated via a Zeiss Crossbeam
550 scanning electron microscope (SEM) to identify the crack initiation sites and tensile fracture
mechanisms. The same microscope was also used with an Oxford electron backscatter diffraction
(EBSD) detector to characterize the microstructure of fatigue specimens. Surface roughness was
evaluated using a Keyence VHX-6000 digital optical microscope on three specimens per reuse
condition. The defect content within the fatigue specimens was analyzed via a Zeiss Xradia 620
and a voxel size of 6 um. After scanning, 3D images were reconstructed using Dragonfly software,
and sphere equivalent diameters of the volumetric defects were obtained using the ImageJ software
[156]. The powders which were used for each iteration were sampled prior to fabrication. These
samples were analyzed using a Freeman Technology FT4 powder rheometer to characterize the
powder’s flow and packing behavior. Each powder sample was evaluated at least three times to

verify the results. The PSD of each powder and its morphological aspects (including circularity
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and elongation) were measured by a Malvern Morphology G3SE analyzer via static image
analysis. The powder flowability was also evaluated using a Hall Funnel according to ASTM B213
[157] to obtain the Hall flow rate (HFR). Lastly, the O content in the parts was determined using
the inductively coupled plasma (ICP) method [158].

5.3. Experimental Results
5.3.1. Powder Characteristics

The powder rheological characteristics as the result of each use/reuse were evaluated in terms
of flow characteristics, including basic flowability energy (BFE), aeration energy (AE), and
cohesion and packing state, including compressibility and pressure drop. The BFE represents the
work done to move a blade with a standard geometry as specified by [62] through powder bulk in
a downward motion [31,62]. A lower BFE represents a powder with lower resistance to flow [20].
As seen in Fig. 48(a), the BFE was somewhat similar for all samples. The AE, which indicates the
resistance of powder to fluidization by the gas flow, did not show any clear trend with powder
reuse (see Fig. 48(b)). This behavior indicates a similar tendency to agglomeration in all samples
[20,31,62]. The cohesion, however, showed a rather sharp decrease trend in Print 6 (i.e., 5-times
reused powder). Cohesion is the amount of shear stress to flow the powder, and lower values
represent lower mechanical interlocking [20,31,62].

The compressibility indicates the volume change under pressure and lower values can indicate
a powder with a better packing state and lower entrapped gas within the powder bulk [20,31,62].
As evident in Fig. 48(e), the compressibility did not follow a specific trend with powder reuse.
Although Prints 3 and 6 powders had the lowest compressibility, their values still overlapped with
the scatter bands of other prints. Pressure drop can show the permeability of the gas through the
powder; higher numbers may represent a powder with a tighter particle arrangement and lower

compressibility [31,62]. No obvious trends of variation were noted for the pressure drop in Fig.
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48(f), although higher pressure drop values (such as those seen for Prints 3 and 6) often

corresponded with higher compressibility values shown in Fig. 48(e).
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Fig. 48 Rheological properties including (a) BFE, (b) AE, (c) cohesion, (d) compressibility and
(e) pressure drop for Print 1, 2, 3, 4, 5, and 6 powder samples.

Lastly, the conditioned bulk density (CBD) and tapped density (BDtap) of all samples were
evaluated (see Fig. 48(g) and (d)). The CBD is evaluated when the powder is in a loose condition,

whereas the BDtap is the density of the powder in a compacted condition [31]. The CBD slightly
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increased by continuously reusing the powder (~1.6%); however, there was no particular trend in

BDtap. The Hausner ratio (3P%P/ cgp)> and Carr index (B Dtap = CBD, BDt ap) x 100 were also

evaluated [20]. The Hausner ratios closer to one and lower Carr indices indicate better flowability.
As is evident in Table 17, the changes did not follow a clear trend which matched the results in
Fig. 48. The HFR, with a lower value representing better powder flowability, was also measured
according to the ASTM B213 [159]. As seen in Table 17, there was no change in HFR values.

Table 17 The Hausner ratio, Carr index, and HFR for all the powder samples.

Density Print 1 Print 2 Print 3 Print 4 Print 5 Print 6
Hausner ratio 1.07 1.04 1.04 1.04 1.04 1.05
Carr index 6.92 4.14 4.14 3.51 4.26 5.20
HFR (s/50g) 13+0 13+0 13+0 1440 14+0 1440

PSD was evaluated and reported in Fig. 49(a). This figure shows that the PSD coarsened with
the continuous reuse of the powder, which was concomitant with the reduction in the fraction of
fine particles and the increase of the mean particle size (Dso). The particle circularity (i.e., the
circle equivalent perimeter divided by the actual perimeter) and elongation (i.e., 1- width/length)
were also evaluated. Powder reuse did not influence the circularity, and all powders had
circularities ~ 0.93-0.95 (a circularity of 1 indicates a perfect circle). The particle elongation was
also ~ 0.12-0.14 for all powders (needles have an elongation of 1). In all powders, a considerable
amount of spherical, elongated, and agglomerated particles was present, which perhaps have
contributed to the negligible effects of powder reuse on powder morphological features (see Fig.

49(b)).
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Fig. 49 (a) PSD of the Prints 1, 2, 3, 4, 5, and 6 powders, and (b) the typical particle shapes of
Prints 1 and 6 powders.

5.3.2. Surface Roughness, Oxygen Pickup, and Defect-/Micro-Structure

The surface roughness was evaluated for the LP-DED NASA HR-1 specimens in both
perpendicular and parallel orientations. As seen in Table 18, there were negligible changes
between the arithmetical mean height of the profiled area (Sa) values resulting from powder reuse,
considering the uncertainties associated with the measurement and the sample areas. The
differences in S, between parallel and perpendicular specimens were also negligible. The S, values

for all prints were around 15 pm. The O concentration was also analyzed in the LP-DED NASA
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HR-1 specimens deposited from all powders. The results are reported in Table 19. The
concentration of O did not show any particular trend with powder reuse. Therefore, it can be
assumed that no O pickup in powder occurred during powder reuse and handling, indicating the
robustness of the reuse practice.

Table 18 Effects of powder reuse and orientation on S..

Deposition Print 1 Print 3 Print 4 Print 6
Perpendicular 15+1 pm 1541 um 161 pm 1740 pm
Parallel 1540 um 151 pm 1643 pm N/A

Table 19 Concentration of O in the LP-DED NASA HR-1 specimens with powder reuse. The
results are reported in parts per million (ppm).

Set O (ppm)

Print 1 925+1.5
Print 2 100.0 + 3.0
Print 3 92.5+0.5
Print 4 85.5+0.5
Print 5 91.0+6.0
Print 6 91.5+1.5

The defect content within the deposited parts was investigated and illustrated in Fig. 50. It
was observed that powder reuse and part orientation did not influence the defect content. Defects
(mainly gas-entrapped pores) were randomly distributed within the LP-DED NASA HR-1
specimens in all prints. The sphere equivalent diameters of the defects were obtained based on the
defect volumes to assess the probability density distributions (PDFs). As seen in Fig. 50, there was
no difference among the PDFs, and the 10", 50", and 90" percentile defect sizes were somewhat

comparable and are ~18 um, ~50 pm, and ~92 pum, respectively.
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Fig. 50 The defect contents and their corresponding probability distributions in Prints 1, 3, and 4
specimens for both perpendicular and parallel orientations.

Lastly, the microstructure was investigated along the building direction. In Fig. 51, the inverse

pole figure (IPF) and phase maps for each condition are shown. This image shows that the
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microstructure was almost similar for all conditions, regardless of the powder reuse condition or
specimen orientation. No columnar grains and signs of dendritic microstructure (i.e., presence of
low angle grain boundaries, and intragranular misorientation) were noted, which may have been
removed due to the heat treatment [148]. In all conditions, the grains were almost equiaxed with
the amount of annealing twin boundaries (23) being comparable, showing complete
homogenization and recrystallization by heat treatment. In addition, the phase structure was
completely face-centered cubic (FCC) and ~0.1% body-centered cubic (BCC) and did not change
with powder reuse or specimen orientation. The size distributions of the grains visible in Fig. 51
were also compared in Fig. 52. As shown, no powder reuse and specimen orientation effects were
observed on the grain size. The mean grain size was ~45-50 um for all conditions with the most
probable grain size being ~130-150 um. Therefore, it may be assumed that the changes in powder
characteristics due to reuse did not generate changes in microstructure significant enough to be

carried through heat treatment.
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Fig. 51 The IPF and phase maps for LP-DED NASA HR-1 (a) Print 1 — Parallel, (b) Print 1 —
Perpendicular, and (c) Print 6 — Perpendicular fatigue specimens in the heat-treated condition.
The fractions of annealing twin boundaries (£3) are also labeled on each panel. The green arrow

illustrates the building direction.
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Fig. 52 Grain size distribution in LP-DED NASA HR-1 fatigue specimens.

5.3.3. Tensile Behavior & Failure

A side-by-side comparison tensile test results between different orientations is provided in
Fig. 53. As is evident in this figure, when the specimens were cut perpendicular to the building
direction, the UTS slightly increased with reusing the powder; however, YS did not change
significantly. On the other hand, no clear trend was noted for specimens cut parallel to the building
direction. In both conditions, the UTS and YS were almost comparable, however, with less scatter
in parallel specimens. The ductility of the specimens as measured by %EL showed no clear trend
in the perpendicular condition, and all the prints had somewhat similar values. In addition, powder
reuse did not affect the tensile ductility of parallel specimens. However, more variation was noted
among the specimens within some prints. The tensile ductility of parallel specimens was also

generally lower than the perpendicular specimens, consistent with the results in Ref. [160]. Lastly,
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the perpendicular specimens had a slightly lower strain hardening exponent than the parallel

specimens (see Table 20).

Table 20 Tensile properties of LP-DED NASA HR-1 specimens for Prints 1, 2, 3, 4, 5, and 6.
%EL K (MPa)

Deposition

Print 1
Print 2
Print 3
Print 4
Print 5
Print 6

Print 1
Print 2
Print 3
Print 4
Print 5
Print 6

UTS (MPa)

925424
961+26
942+37
97125
994+£16
983+24

968+9
986+11
923+6
952+6
955+14
943+5

YS (MPa)
Perpendicular
455420 34+1
459427 3442
455433 3542
470426 34+2
479427 3542
470427 35+0
Parallel

457+4 30+4
477+13 3340
42745 33+7
44844 34+1
468+23 3143
44342 3042

151

1083436
1149+46
1094453
1161+31
1204436
1176434

1164+16
1210+24
1121+7
1189+17
1191+16
1156+16

n

0.16+0
0.16+0
0.16+0
0.17+0
0.17+0
0.16+0

0.18+0
0.17+0
0.18+0
0.18+0
0.18+0
0.18+0

E (GPa)

171+8
183+6
185+6
18545
19945
186+3

178£12
181+4

186++9
18043
186+8
187+2
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Fig. 53 The (a) UTS, (b) YS, and (c) %EL of Prints 1, 2, 3, 4, 5, and 6 specimens for both
perpendicular and parallel orientations.

Tensile fracture surfaces were investigated with respect to powder reuse and orientation (see
Fig. 54). Overall, no clear difference was noted among the fracture surfaces of all tensile specimens
with respect to powder reuse or specimen orientation (i.e., perpendicular or parallel to the building
direction). The fracture surfaces contained dimples and large volumetric defects in all conditions.
While the shear lips were somewhat visible, indicating a ductile fracture, their areas were

insignificant, possibly due to multiple initiation sites from the surface.
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Fig. 54 Fracture surfaces of LP-DED NASA HR-1 for (a) Print 1-perpendicular, (b) Print 1-
parallel, and (c) Print 6-perpendicular specimens.

5.3.4. Fatigue Behavior & Failure

Fatigue performance was evaluated for Prints 1, 3, and 4 for the specimens excised in both
parallel and perpendicular directions and for Print 6 perpendicular specimens. Effects of specimen
orientation are illustrated in Fig. 55. As seen in this figure, perpendicular specimens had slightly
higher fatigue lives, with a factor of two, than the parallel ones in the LCF and mid-cycle-fatigue
(MCF) regimes. In the high-cycle-fatigue (HCF) regime, the difference was still visible; however
less notable compared with the scatter in data. Effects of powder reuse are shown in Fig. 56. As
seen in this figure, the differences in fatigue lives among different prints (i.e., 1, 3, 4, and 6) were
insignificant for both perpendicular and parallel specimens. A summary of all fatigue test results

is provided in Table 4.
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Fig. 56 Stress-life behaviors of Prints 1, 3, 4, and 6 specimens in (a) perpendicular and (b)
parallel orientations. All tests were force-controlled at Rs = 0.1.

Table 21 A summary of force-controlled fatigue test results (R = 0.1) of LP-DED NASA HR-1
specimens for Prints 1, 3, 4, and 6.

Onax (MPa) 2N, Perpendicular (Reversals) 2N, paraniel (Reversals)

Print 1
300 > 10,000,000 6,530,698
300 > 10,000,000 > 10,000,000
400 1,832,592 879,162
400 1,140,984 646,344
400 1,701,476 960,622
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500
500
700
700
800
800
900
900

300
300
400
400
400
500
500
700
700
800
800
900
900

300
300
400
400
400
500
500
700
700
800
800
900
900

300
300
400
400

400,498
146,518
46,756
49,672
24,418
19,628
11,154
11,230
Print 3
8,268,554
> 10,000,000
755,328
3,341,226
887,960
389,108
419,568
52,016
50,404
24,744
27,446
10,724
13,242
Print 4
> 10,000,000
> 10,000,000
941,780
1,020,090
1,743,340
239,272
230,546
60,986
51,074
33,284
31,952
11,084
11,994
Print 6
> 10,000,000
> 10,000,000
1,522,910
1,110,212

156

81,508
156,898
45,102
38,670
19,982
15,848
7,358
8,622

> 10,000,000

5,370,514
1,483,160
1,554,512
1,681,638
289,176
196,778
34,854
40,858
17,968
19,758
7,842
8,166

4,416,208

> 10,000,000

783,002
1,383,096
1,215,090

163,854

157,624

36,782
38,860
10,354
23,304
7,396
8,856

N/A



400 1,781,876

500 321,006
500 186,326
700 64,388
700 50,776
800 31,620
800 26,494
900 13,250
900 10,918

The fracture surfaces of some selected specimens were examined. All fatigue specimens,
regardless of orientation, powder reuse, and stress level, had failure initiating from the surface.
Some fracture surfaces of specimens tested at 500 MPa are shown in Fig. 57. Due to the presence
of micro-notches on the surface, cracks were always initiated from the surface, as well as
microstructural defects such as facets and gas-entrapped pores close to the surface, resulting in
final fatigue failures [73,161]. In addition, dimples and striations were noted on fracture surfaces,
which could indicate micro-void coalescence (MVC) fatigue crack growth mechanism, generally

occurring in ductile materials [71].
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Fig. 57 Fracture surfaces of Prints 1, 3, and 4 fatigue specimens in (a-c) perpendicular and (d-f)
parallel orientations. Crack initiation sites are illustrated with red arrows. Microstructural
features are pointed with yellow arrows.

5.4. Discussion on Experimental Results

This study investigated the effects of powder reuse and specimen orientation on the
mechanical properties of LP-DED NASA HR-1 parts. It was observed that powder characteristics,
including flowability (see Fig. 48 and Table 17), did not change with powder reuse. This behavior
might be counter-intuitive with PSD coarsening with powder reuse and reduction of finer particles
[10]. However, it was noted that particle shape did not change with powder reuse, which dominated
the effects of fine particles and their higher interparticle friction [26]. The similar powder

flowability also resulted in similar defect content and surface roughness parameters in the LP-DED
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NASA HR-1 parts with powder reuse (see Fig. 50 and Table 18). In addition, no change in O
content was noted with powder reuse. Therefore, the comparable powder characteristics and
chemical composition resulted in similar microstructures (see Fig. 51), consistent with the results
in Ref. [28-31,33].

The similarities in the microstructure and O content, defects, and surface roughness resulted
in somewhat comparable tensile strength with powder reuse (Fig. 53). Tensile ductility also did
not change with powder reuse as the defect densities in all LP-DED NASA HR-1 specimens were
higher than 99.997 + 0.000 %, having minimal effects of defects on tensile ductility [162].
However, the specimens oriented parallel to the building direction had somewhat lower tensile
ductility with more scatter among each batch than the perpendicular specimens. Similar
observations were noted in Ref. [160], which reported that as-built specimens have generally lower
effective Young’s modulus due to undulations on the surface. When the layer orientation is normal
to the tensile loading axis, such undulations will have additional weakening effects and result in
lower tensile ductility.

The powder reuse did not influence the LCF and MCF performance of LP-DED NASA HR-
1 specimens. This behavior can be explained by the similar microstructures of the parts. In the
HCF regime, the powder reuse still did not reveal any clear trend in resistance to fatigue failures
as the cracks always initiated from the micro-notches on the surface and dominated the fatigue
failures (see Fig. 57). The surface roughness may get affected by powder characteristics. For
instance, poor flowability may result in nonuniform powder deposition and higher surface
roughness in some locations. However, powder flow did not change with reuse and resulted in
similar S, values (see Table 18). Unlike powder reuse, specimen orientation affected the fatigue

performance.
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In all prints, perpendicular specimens had somewhat higher LCF and MCF life than the
parallel specimens. This behavior can be attributed to the more critical effects of surface
undulations in parallel specimens when subjected to uniaxial tensile loadings due to accelerated
crack initiation from the micro-notches [160]. The higher fatigue resistance of perpendicular
specimens was also noted in the HCF regime; however, the difference was less significant
compared with the scatter in the data. In this regime, the majority of fatigue life is spent in crack
initiation, and therefore, micro-notches have more prominent effects [71]. To understand the
effects of surface roughness parameters in different orientations, an effective elastic stress
concentration factor, K¢, was used to estimate the fatigue performance based on Refs. [140,163],

according to equations (1-3).

CywnSay St (1)
K. =1 +n(p10)(52150)
q= (2)
1 +y/,010
Kr=1+q(K:—1) (3)

In the above equations, n corresponds to the stress state and equals 2 for the case of tension;
y is a material constant, and in some studies, the grain size was used as y; S; is the maximum
distance between the peaks and valleys; Szso represents the 10-point height roughness [164]; and
p1o evaluates the radii of the deepest valleys [140,163]. In addition, the following equations can
be used to obtain the fatigue strength at 10° cycles, G’f,los, and endurance limit, o,:
0'f102 = f *UTS “4)
0, = kokpkckgk, 0.5 UTS (5)
Where f is the fraction of UTS at 10* cycles, and the Marin factors (ks-ke) can be estimated

according to Ref. [165]. Therefore, the fatigue performance can be estimated by 6¢y3 and o,. As

160



seen in Fig. 58. the fatigue performance estimation using the surface roughness parameters
reasonably predicted the fatigue life with a factor of £ 3. All information for the fatigue life

estimation is reported in Table 22.

Table 22 Surface roughness, fatigue parameters, and Marin factors used to estimate the fatigue
performance of LP-DED NASA HR-1 Print 1 specimens.

Parameter Print 1- Parallel Print 1- Perpendicular

P10 (um) 399 286
St (um) 500 156
Sz1so (um) 128 142
Y (um) 63 56

q 0.86 0.84

Kt 1.29 1.12

Ks 1.25 1.10

f 0.81 0.81
O"f‘loz (MPa) 784 762
Ka 0.45 0.45

Kb 1.00 1.00

Ke 0.85 0.85

Ka 1.00 1.00

Ke 0.87 0.87

Se (MPa) 161 156
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Fig. 58 Predicted fatigue life comparison with experiment for the NASA HR-1 Print 1 specimens
in both parallel and perpendicular orientations.

5.5. Conclusions

This study investigated the effects of powder reuse and specimen orientation for LP-DED
NASA HR-1 superalloy by examining the possible changes in microstructure, surface features,
defect content, and mechanical properties as affected by reuse and orientation. Based on the results,
the following conclusions can be drawn:

e The NASA HR-1 powder particle size distribution coarsened with powder reuse.
However, the particle shape, including the circularity and elongation, did not alter.

e The similar powder flowability and O contents in the deposited materials resulted in
comparable microstructures, defect contents, and surface roughness. All specimens had
part densities higher than 99.997% and comparable 90" percentile sphere equivalent

defect diameters.
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The heat treatment schedule completely diminished the material anisotropy, showing
no effects of specimen orientation on the microstructure and grain size distribution of
LP-DED NASA HR-1 specimens.

Tensile strength did not vary with respect to powder reuse and specimen orientation
due to similar, well-homogenized microstructures and O content. Tensile ductility also
did not change with powder reuse. However, the specimens oriented parallel to the
building direction showed slightly lower tensile ductility due to the more severe effect
of surface undulations in parallel specimens.

Fatigue performance was not affected by powder reuse in any fatigue life regimes,
which was primarily ascribed to the similar surface roughness, defect contents and
tensile properties of specimens from different prints. In addition, specimens
perpendicular to the building direction showed somewhat higher fatigue performance
due to the less detrimental effect of notches on the surface compared with parallel

specimens.
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6. Predicting Additive Manufacturing Powder Quality via an Artificial Neural Network
6.1. Introduction

Additive manufacturing (AM) has gained extensive attention from multiple industrial sectors,
including biomedical and aerospace, due to compatibility with several alloys (e.g., titanium,
stainless steel, aluminum, and nickel-based), lower fabrication lead time and structural weight, and
more design freedom [3,12,32,166]. However, AM systems and parts demand different
certifications from traditional methods (e.g., casting and forging), depending on the application
criticality, which has hindered its broad adoption [167]. Indeed, certifying the AM systems
requires a complete understanding of feedstock-process-structure-property-part performance
relationships [1]. Notably, the feedstock-part performance correlation is one inseparable piece of
such relationships, requiring in-depth analysis.

In several AM technologies, including laser or electron beam powder bed fusion (L-PBF or
EB-PBF), laser powder directed energy deposition (LP-DED), and binder jetting, the material
feedstock is in the form of powder. Hence, powder characteristics can significantly influence the
mechanical properties of additively manufactured (AM) parts [9,10]. For instance, the powder is
spread on the build plate in PBF technologies and compacted via a recoater/wiper/roller. Therefore,
the powder’s physical properties (e.g., packing state and flowability) can play a vital role in the
quality of the AM process/parts. The packing state and flowability are primarily governed by the
powder characteristics, including but not limited to particle shape and particle size distribution
(PSD).

Some studies have reported the effects of particle shape and PSD on flowability, packing state,
and mechanical properties. For instance, more spherical particles can generally result in superior
flowability and packing state, smaller defects, and enhanced tensile properties [20,31]. Larger-

sized particles can provide higher flowability, whereas finer particles can increase the part density
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by filling the empty spaces between larger ones [19,31]. In addition, smaller defects and
consequently higher fatigue lives were observed for the parts manufactured from the powders with
lower span values (i.e., Doo-D10/Dso) [33]. Although the effects of powder characteristics have been
investigated, evaluating the flowability and packing state with a single metric can still be quite
challenging [19]. Therefore, further investigation is needed to correlate different powder
characteristics to assess powder flow and packing behavior.

In addition, merely focusing on experiments may not be cost-efficient [168,169]. For
instance, evaluating rheological properties requires testing every powder batch multiple times to
verify the results. Therefore, developing low-cost statistical methods, such as machine learning
(ML) models, like neural networks, to assess powder quality can contribute to the faster adoption
of AM technologies. To do this, some studies have combined 2D/3D image processing with
clustering/regression algorithms to characterize the powder bed uniformity [170,171] or particle
morphology [59,168,172—175]. However, there is no study on 3D image processing and evaluating
powder flow and packing state. Therefore, the current study aimed to experimentally analyze the
powder flow and packing and analytically score the powders based on their merit for AM
technologies. Subsequently, an artificial neural network (ANN) was implemented to predict the
score of several powders merely by evaluating their particle shape, PSD, and (potentially)
rheological characteristics. Following the Introduction, Methodology, Results, Discussion, and
Conclusions will be presented.

6.2. Methodology

A Freeman Technology powder rheometer (FT4) was used to determine powder rheological
characteristics. The FT4 quantifies powder characteristics, including the basic flowability energy
(BFE), specific energy (SE), aeration energy (AE), conditioned bulk density (CBD), tapped

density (BDtap), compressibility (CPS), pressure drop (PD), and cohesion. The CPS is measured
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as the ratio between powder bulk density in compressed and loose conditions. The PD illustrates
how easily gas can permeate the powder bulk. Cohesion represents the shear stress required for
the powder to flow. SE and BFE are measured when the FT4 blade travels upward or downward
in the powder bulk, respectively. AE shows the resistance of the powder bed to fluidization when
it is exposed to gas flow. The CBD is the bulk/apparent density of the powder in a loose (i.e., low-
stress) condition, whereas the BDtap is the density in the consolidated state [20,31,62,176].

A few studies have attempted to correlate such powder characteristics via a single powder
quality score [19,20,177]. For instance, in [19], the total score of the powder was defined as
Cixbulk score + Cyxrheological score + C3xdynamic score, where Ci, C», and C3 were weighting
coefficients. In this equation, every property was normalized with its maximum value among
different powder samples. Therefore, lower powder scores could indicate a more suitable powder
for AM in terms of powder bed layer uniformity and defect content. In this study, as seen in Equ.
(1), the bulk score was estimated by averaging the Hausner ratio (HR), defined as the ratio of
BDtap to CBD and the Carr index (i.e., 100x(BDtap-CBD)/BDtap) similar to [19]. Typically, HRs
higher than 1.40 and smaller than 1.25 can respectively indicate poor and superior powder

flowability [10]. In addition, Carr indices lower than 10 represent excellent powder flowability.

Bulk score = (HR + Carr index) /2 (1)

The rheological score was evaluated based on Equ. (2) by characterizing each sample at least
three times to ensure the repeatability of the results. As seen in Equ. (2), an indirect PD effect on
the rheological score was considered, whereas, in Ref. [20], a direct effect, and in Ref. [19], no
effect was considered. Considering an indirect PD effect on the rheological score can be explained
by the adverse correlation between PD and CPS. For instance, powders with a better packing state
(i.e., lower CPS) generally present a tighter particle arrangement and, therefore, it becomes more
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difficult for gas to permeate the powder bulk (i.e., higher PD) [20,33]. As the information regarding
the dynamic score (e.g., angle of repose (AOR) and Hall flow rate [19]) was unavailable, it was
neglected in this study. The total powder quality score was estimated by averaging the bulk (Equ.

(1)) and rheological (Equ. (2)) scores.

Rheological score = (1/CBD + CPS + (1/PD) + SE + AE + BFE + Cohesion)/7  (2)

Each powder sample was also mounted in an epoxy-resin solution and used for X-ray
computed tomography (XCT). The XCT was conducted via a Zeiss Xradia 620 with 80 kV and 10
W and a voxel size of ~ 2 pm. The images were then reconstructed using the Zeiss built-in software
and processed with ImagelJ [156] and Dragonfly software for particle segmentation. At first, 3D
images were converted to binary. Then, binarized images were used to calculate the Euclidean
distance map. After creating the distance map, a threshold was considered to ensure one seed was
selected for each particle and adjacent particles were not connected according to Ref. [59] in order
to avoid the false detection of particles. Subsequently, the default watershed algorithm in
Dragonfly was applied to the seeded images for segmentation. Finally, the 10™ 50", and 90™
percentile particles’ Feret diameters (i.e., Df10, Dtso, and Do) were obtained. In addition, the
average sphericity (Savg) and its standard deviation (Ssiq) were found by Equ. (3) where V is the

volume and A is the surface area of each particle.

1/36 V2/3
s=T (A* ) 3)

A feed-forward ANN multi-layer perceptron (MLP) model was used to predict the powder
quality. This model generally consists of input, hidden, and output layers. The desired features (n)

regarding powder characteristics are fed into the input layer. Therefore, the input vector has a x =
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(x4, X5, ..., X, structure. Every x; variable is then assigned a coefficient weight and transferred to
the hidden layers. In these layers, there are perceptrons/neurons which are trained via a supervised-
learning back propagation algorithm [178-181]. The back propagation algorithm generally
contains two phases: forward and backward. In the forward phase, the input vector, x is routed in
the model to the hidden and ultimately output layers. In this regard, an error is measured every
time as the difference between the desired and actual outputs. In the second phase, i.e., backward,
the error is moved backward in the model to alter the model parameters and increase its accuracy
[178—-181]. The neurons function to determine the weighting coefficients vectors, w, to calculate
the sum of the input features and their corresponding weight coefficient. Note that each neuron
will calculate a weight vector which has the length of its inputs; that is, each neuron in the first
layer calculates n weights, then each one in the second layer calculates as many weights as there
are neurons in the first layer (40 in this case), and so on.

Lastly, the processed data is routed to the output layer, and the output vector, y , is
approximated with a continuous function. In this study, the MLP model was structured with an
input, two hidden, and output layers. Each hidden layer contained 40 neurons, and sigmoid and
relu (i.e., step) functions were employed for the first and second hidden layers, respectively. A
linear activation function with a single neuron was also used for the output layer as the goal was
to predict the powder quality with one numeric value. The initial weight coefficients were
estimated via a truncated normal distribution (also known as he normal). Moreover, the loss
function was evaluated using the mean absolute percentage error (MAPE) after 1024 epochs and
a batch size of 32. The MAPE was assessed according to Equ. (4), where N is the number of

observations in the testing set.

MAPE =% {-V=1| (4)

(di_yi)|
d;

168



In this equation, the d; and y; are the true and forecasted responses, respectively. The model
schematic is illustrated in Fig. 59. This figure shows that there were 14, 40, 40, and 1 neuron per
input, first and second hidden, and output layers, respectively. It needs to be stated that the model
contained 600 parameters in the first hidden layer (14 input x 40 neurons + 40 bias), 1640
parameters in the second hidden layer (40 input x 40 neurons + 40 bias), and 41 parameters in the
output layer (40 input x 1 neuron + 1 bias). The number of neurons in each layer and the type of
activation functions were obtained by experimentally evaluating the MAPE and selecting the
values that minimized the MAPE. In addition, 1024 epochs were initially selected for the model,
however, the model generally converged after 200 epochs.

Rheological Characteristics
1

Input Layer

1st hidden layer
Sigmoid activation

[epol [enuenbeg

2" hidden layer
Relu activation

Output Layer
Linear activation

Powder Quality Score

Fig. 59 The schematic of the ANN used in this study.

6.3. Results
6.3.1. Powder Scoring
The powder quality scores were evaluated for Ti-6Al-4V (Ti164) powder in its 0-times reused

(Ox-reused) as well as 3x- and 7x-reused conditions, and NASA HR-1 powder in its 0x-, 1x-, 2x-,
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3x-, 4x-, 5x-reused states. Moreover, the quality scores of the powders used in [19,20,31,33] for
AM fabrication were also evaluated. The bulk and rheological scores as well as the total score (i.e.,
the average of bulk and rheological scores) are reported in Table 23, which will be used in Section
0 for the ANN predictions.

Table 23 The bulk, rheological, and total scores for Ti64 and NASA HR-1 powders in their
different reused conditions as well as the powders employed in Refs. [19,20,31,33].

Powder Bulk Score Rheological Score Total Score

Ti64
0x 1.00 0.99 1.00
3x 0.89 0.92 0.91
7x 0.89 0.85 0.87
NASA HR-1
0x 1.00 0.92 0.96
1x 0.80 0.98 0.89
2x 0.79 0.90 0.85
3x 0.73 0.97 0.85
4x 0.80 0.93 0.86
5x 0.87 0.88 0.87
Ti64 [20]
1 1.00 1.00 1.00
2 0.82 0.73 0.78
3 0.84 0.78 0.81
Ti64 [19]
A 0.78 0.72 0.75
B 0.83 0.86 0.84
C 0.84 0.80 0.82
D 0.94 0.90 0.92
E 1.00 0.99 1.00
F 0.83 0.79 0.81
Ti64 [31]
Fine 0.44 0.96 0.70
Coarse 0.47 1.00 0.74
17-4 PH (SS) [33]
0x 1.00 1.00 1.00
14x 0.72 0.87 0.79

6.3.2. Image Processing

The segmentation process in Dragonfly was repeated for every 150 XCT slices, giving a total

of 31 samples. The PSD and S were evaluated for each sample and reported in Table 24. The data
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in this table was used as part of the input for the ANN. This table also includes the information
collected about the powders from Refs. [9—-12], which were later used for additional testing of the
ANN. In addition, examples of Ti64 powder PSDs are also shown in Fig. 2 in their 0x-, 3x-, and
7x-reused conditions.

Table 24 Powder properties, including the Dr¢x values, and S obtained from the XCT using the
watershed algorithm as well as the Refs. [19,20,31,33].

Powder (Sample No.) Dfio Dgso Do  Save & Sstd

Ti64
0x (#1) 23.86 3734 59.73 | 0.95+0.08
3x (#7) 2291 36.64 58.89 0.95+0.07
7x (#17) 17.48 | 28.47 52.60 0.96+0.08
NASA HR-1
0x (#21) 13.55 | 64.48 88.36 0.95+0.11
1x (#23) 27.67 6520 8727 0.95+0.11
2x (#25) 49.05 | 67.85 90.83 0.94+0.13
3x (#26) 46.95  68.78 91.58 0.94+0.12
4x (#28) 52.79 | 69.33 92.69  0.94+0.13
5x (#30) 54.08  71.18 94.56 0.94+0.13
Ti64 [20]
1 (#32) 2530  35.80 46.40  0.73 +£0.18
2 (#33) 25.90 36.70 50.30 0.88+0.15
3 (#34) 2030  32.70 43.90 0.79 +0.16
Ti64 [19]
A (#35) 4630 | 63.15 91.30 0.90 +0.10
B (#36) 4473 15921 85.37 0.90+0.10
C (#37) 42.84 5524 7295 0.90+0.10
D (#38) 38.86 | 54.95 82.19 0.90+0.10
E (#39) 27.82  44.19 68.10 0.90 +0.10
F (#40) 2337 33.06 48.63 0.90 +0.01
Ti64 [31]
15-45 um (Fine) (#43) | 21.75 | 34.85 47.86  0.95+0.08
15-53 um (Coarse) (#44) 23.84 4543 5728 0.95+0.08
17-4 PH Stainless Steel (SS) [33]
0x (#41) 14.19  32.16 70.78 0.87 +0.08
14x (#42) 15.70 | 31.01 59.69 0.88 +0.08
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Fig. 60 Ti64 powder PSD in (a) 0x-, (b) 3x-, and (c) 7x-reused conditions obtained from the
XCT analysis.

6.3.3. ANN Predictions

All the information obtained in Sections 6.3.1 and 0 was used as the ANN’s input material
(see the supplemental material for the ANN structure). The data was separated into two datasets.
The first dataset (31 samples) only contained the 0x-, 3x-, and 7x-resued Ti64 and 0x-, 1x-, 2x-,
3x-, 4x-, and 5x-reused NASA HR-1 powders, which were used for training and testing. 70% of
the first dataset was randomly selected to train the network, and the remainder was dedicated to
testing. The dataset was input into the model to predict the total quality scores. As seen in Fig. 61,
the predicted scores were compared with the test data. The model could effectively predict the total
scores with high fidelity. The MAPE in this evaluation was ~ 1.3%. It needs to be stated that the

MAPE value was computed by only considering the differences between predictions and the test
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data and excluding the training set information. The same ANN model was also used to predict

the total powder score for the data available in Refs. [19,20,31,33] in the second dataset. As seen

in Fig. 62, the model could still reasonably predict the total powder quality scores. In this situation,

the MAPE was higher and ~ 14.1%. A summary of all the predictions is reported in Table 25.
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Fig. 61 Comparison between the experiment and ANN predictions.
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Fig. 62 Comparison between the data in Refs. [19,20,31,33] and ANN predictions.

Table 25 A summary of the total powder quality scores obtained from the experiment and ANN

model.
Test True Value Prediction Difference (%)
Experiment
1 1.00 1.00 0.00
2 1.00 1.00 0.08
3 1.00 1.00 0.07
4 1.00 1.00 0.19
5 0.96 0.90 -6.62
6 0.91 0.88 -2.85
7 0.91 0.91 -0.33
8 0.89 0.90 0.73
9 0.87 0.87 0.56
10 0.86 0.86 -0.19
Literature [19,20,31,33]
1 1.00 0.87 -13.32
2 1.00 0.87 -12.65
3 1.00 0.90 -10.17
4 0.92 1.00 8.70
5 0.84 1.00 19.05
6 0.82 1.00 21.95
7 0.81 0.85 4.45
8 0.81 0.87 7.47
9 0.79 0.60 -23.76
10 0.78 0.88 13.01
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11 075 072 -3.99
12 074 088 19.45
13 070 086 23.33

6.4. Discussion

In this study, a powder metric was proposed to estimate the powder quality scores. This
powder quality score originated based on the work done in literature [19,20], and further
modifications were applied. It was noted that the proposed powder quality metric could effectively
integrate all powder bulk and rheological characteristics. For instance, the total powder quality
score for the 0x- and 14x-reused 17-4 PH SS powders were 1.00 and 0.79, respectively. Therefore,
the lower quality score of 14x-reused powder could indicate its higher suitability for AM
fabrication. This understanding of the powder score correlated well with the lower defect content
and enhanced mechanical properties of L-PBF 14x-reused 17-4 PH SS specimens in Ref. [33]. In
that study, larger and more frequent defects were reported for the specimens manufactured using
the Ox-reused powder, resulting in lower fatigue performance than those fabricated using the 14x-
reused one.

In some cases, such as the fine and coarse Ti64 powders used in Ref. [31], the total powder
quality scores were 0.70 and 0.74, respectively. The fine powder's lower quality score matched its
better packing state and identical flowability to that of the coarse powder in Ref. [31]. However,
larger-sized defects were reported in Ref. [31] for the fine powder specimens, although they
generally possessed fewer total defects. Such counter-intuitive understanding (i.e., better packing
state but larger defects) was attributed to the higher oxygen (O) content when the fine powder was
used for fabrication, promoting spattering during fabrication and resulting in large defects. It
should be noted that the proposed powder quality metric in this study did not incorporate the effects

of chemical composition on the bulk score. Therefore, one potential improvement of this method
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is considering the detrimental effects of interstitial elements such as O and nitrogen (N) on material
density.

Additionally, in this study, an artificial neural network was proposed to predict the powder
quality scores solely by using the powder information, including its particle shape, PSD, and
rheological characteristics. It was noted that the model could effectively predict the quality scores
with a small MAPE value. This model was also applied to different powders used in the literature
[19,20,31,33], and still, a reasonable prediction was obtained. However, the relative error was
greater than for the powders tested as part of this study. Some sources of observing larger errors
when the model was applied to literate data could include insufficient test data. Therefore, more
experiments are suggested for training and testing the model. Another reason is that there are not
many pieces of literature reporting such information. Lastly, some data points in the literature were
missing, which were assumed an average value to run the model, but these can cause worse
prediction quality.

Furthermore, an experiment was conducted on whether merely considering particle shape and
PSD without considering the rheological characteristics can still efficiently predict the quality
scores. In this situation, the MAPE was ~ 4.1%, indicating reasonable predictions with less powder
information, which can further decrease experimental costs (see Fig. 63(a)). Interestingly, the
MAPE decreased to ~ 11.1% for the literature data when rheological properties were not
considered (see Fig. 63(b)), justifying that the previously observed larger error was likely due to

the missing rheological data from the literature, which was replaced by averages to run the model.
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Fig. 63 Comparison between the test data and ANN predictions for the (a) experiments and (b)
Refs. [19,20,31,33], without considering rheological characteristics.

6.5. Conclusions

This study investigated the feasibility of a powder quality metric and prediction using an
ANN. Different powders were analyzed using XCT to obtain PSD and sphericity. The total powder
quality score was defined as the average powder bulk and rheological scores. The bulk score was
estimated via the HR and Carr index, which were obtained based on powder bulk and tapped
densities. The powder rheological score was evaluated using rheological characteristics, such as
BFE, SE, PD, CPS, cohesion, and AE, to correlate with the flowability and packing state of the
powder. It was found that the current quality metric still needs further modifications. One
suggestion was to consider the effects of chemical compositions, such as the concentration of O in
the powder. Some powders such as Ti64 are sensitive to O, and a higher O content can jeopardize
the final AM part quality and endanger build consistency and material ductility.

In addition, it was feasible to use the rheological characteristics, PSD, and particle shape to
train and test an ANN model, enabling the powder quality score predictions with high fidelity.
Developing such low-cost statistical tools is essential to decrease the AM costs to a competitive
point to conventional manufacturing methods (e.g., casting and forging) [182,183]. These methods

can significantly contribute toward faster adoption of AM and rapid qualification and certification
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of AM powders/parts. It should be emphasized that feeding more samples into the ANN can result
in higher accuracies being obtained. Therefore, systematic data storage is essential for AM to
capture powder feedstock information. Moreover, in the situations where some data is missing,
fewer input data that only includes the particle shape and PSD might be more practical and result

in more accurate predictions.
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7. Summary

In this dissertation, the effects of different powder characteristics on the mechanical properties
of additively manufactured (AM) parts were investigated to shed light on the relationships between
powder feedstock and part performance. The outcomes of this dissertation can contribute to our
knowledge and faster industrywide adoption of laser-based additive manufacturing (AM)
technologies utilizing powder feedstock. These understandings are vital as humans have
encountered critical issues while living on Earth. These challenges include but are not limited to
air pollution and depletion of energy sources. Scientists have declared two approaches to protect
and preserve the Earth. One approach is to be efficient. Efficiency is defined as reducing our energy
consumption by all means. For instance, we are now employing reusable launch space vehicles to
decrease CO; generation. Heavy components are replaced with cellular structures to reduce the
structural weight and fuel consumption.

The second approach is to investigate the viability of living in other complementary locations
to Earth. Several government agencies and industrial sectors are currently exploring livability in
remote colonies in outer space. Such colonies will need their manufacturing departments to
generate parts and components as required due to the extensive costs of space travel. In addition,
using the material resources in space is feasible instead of carrying them from the Earth. Therefore,
AM technologies can play a beneficial role in both approaches. AM technology can be a green
fabrication technology alternative to conventional subtractive methods. This technology can
significantly decrease material waste, accounting for a significant portion of unsustainable energy
and the supply chain, limiting it to on-demand production.

Moreover, AM technology can be employed to reuse/recycle raw materials. For instance,
powder feedstock may be used several times without re-processing it. Functional parts can be

repaired using AM without the need for reproduction. Therefore, AM technologies can decrease
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our dependency on nonrenewable energy sources. However, there are also several challenges
associated with this technology. The AM parts typically possess defects and anisotropic
microstructures. Therefore, this distinct micro-/defect-structure needs to be thoroughly
characterized. There are other challenges; for example, how often the powder feedstock can be
reused or recycled. Which powder characteristics are more critical? How should the parts be
located on the build plate concerning powder spreadability to ensure consistent mechanical
properties? Can we decrease our experimental efforts and estimate the powder quality and
mechanical properties using predictive models?

This dissertation aimed to address some of these questions by defining multiple objectives.
The first objective was the effects of the particle size distribution (PSD) and particle shape on
mechanical properties. To achieve this objective, two plasma atomized Ti-6Al-4V (Ti64) powders
with normal and bimodal PSDs and with highly spherical particles were used. The normal PSD
consisted of finer particles, whereas there was a peak of coarse particles in the bimodal PSD.
Powder flowability and packing state, defect content, microstructure, and mechanical properties
were investigated. It was found that a bimodal PSD of 15-53 um (i.e., coarse powder) could result
in similar flowability owing to the high sphericity of particles and a slightly lower packing state
than the normal PSD of 15-45 um (i.e., fine powder). The higher packing state of the fine powder
also resulted in fewer defects in Ti64 parts manufactured with the laser powder bed fusion (L-
PBF/LB-PBF). However, careful investigations revealed the existence of some large defects in the
specimens manufactured using the fine powder.

Since the packing state of the fine powder was somewhat better, the chemical compositions
were analyzed in both powders. It was noted that the fine powder had higher O content due to the

higher surface-to-volume ratio of particles. Therefore, a higher spattering phenomenon (i.e.,
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ejection of powder particles or liquid droplets from the melt pool) was anticipated when the fine
powder was used for fabrication. The spattering resulted in large lack-of-fusion defects in the
specimens. When fatigue resistance of the specimens after machining the surface was evaluated,
the coarse powder specimens represented an improved mid-cycle-fatigue (MCF) performance and
some improvement in the high-cycle-fatigue (HCF) regime. However, when the specimens were
manufactured net-shaped and tested without any post-fabrication surface treatment, no difference
in fatigue performance was observed, which was attributed to the two sets of specimens having
similar surface roughness characteristics.

The ultimate tensile and yield strengths were almost comparable for specimens manufactured
from both powders. The similar tensile strength was attributed to the microstructure, which did not
change with altering the PSD of the powder. The tensile ductility, however, was higher for the
coarse powder specimens. Although the coarse powder specimens had a higher number of defects,
the defect sizes were smaller than the fine powder specimens. Such large defects in fine powder
specimens resulted in somewhat lower ductility. In contrast, the tensile failure in coarse powder
specimens was due to the coalescence of microvoids which ultimately resulted in dimples and a
cup and cone tensile fracture. This study showed that statistical tools such as the Gumbel
distribution could effectively interpret the distribution of critical defects and their effects on fatigue
performance. The information obtained from the Gumbel distribution was used to predict the
largest critical defects for each powder when used for fabrication.

Lastly, the mechanical properties of AM parts along the powder spreading direction were
consistent, and no change was observed. Therefore, it was deduced that highly spherical powder
particles could dominate the effects of PSD and result in a more uniform powder bed layer and no

interruption in the powder spreadability. The outcomes of this study disclosed that using a wider
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PSD which typically is less expensive, can still result in comparable or even superior mechanical
properties provided that the PSD is wisely customized and carefully selected for each AM material
system. When the effects of PSD and particle shape were understood, the changes in powder and
mechanical properties with powder reuse were traced. In this regard, plasma atomized Ti64 powder
with a nominal PSD of 15-53 um was used to fabricate a set of specimens. After fabrication, the
unused and used powder was collected and cleaned out of contamination using a sieve filtration
for manufacturing additional specimens. This process was repeated until 8 sets were fabricated,
and the powder was insufficient for subsequent iterations. It was noted that continuously reusing
the powder could enhance the powder flowability due to the reduction of finer particles and
packing state because of the reduction of agglomerates from the batch.

Interestingly, a lower defect content was observed in the witness coupons manufactured using
the 3-times reused powder compared with the unused powder due to the improved packing state.
However, as the powder was further reused (i.e., 7-times), the defect content increased again.
Therefore, the chemical composition of the unused, 3-times, and 7-times reused powders were
measured. It was noted that the O content gradually increased with powder reuse. Therefore, when
considering the effects of powder reuse, the changes in chemical composition must also be
considered. The increase in O content most likely resulted in more spattering during fabrication,
and consequently, larger defects in the specimens placed downstream of the argon flow (i.e., near
the gas outlet). These specimens possessed higher strength, lower ductility, and worse fatigue
performance than those located upstream (i.e., near the gas inlet). The separation between the
fatigue performance of upstream and downstream specimens was considerable for the 3-times
reused powder. However, further powder reuse to 7-times increased spattering in all locations of

the build plate, and the upstream specimens also showed relatively low fatigue performance.
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Therefore, further powder reuse might be limited depending on the material, the packing state,
flowability, and chemical composition.

The microstructure of the parts manufactured from unused and reused powders was similar.
However, the tensile strength was slightly higher for the reused powder specimens due to the
higher O content in the reused batch. The outcomes of this investigation showed some sources of
variability during the AM fabrication, which needs to be understood. In addition, controlling such
variabilities by altering the process parameters (e.g., argon flow speed, gas type, layer thickness,
and laser power) can further contribute to the qualification and certification of AM parts. Different
material systems, including argon atomized 17-4 precipitation hardened (PH) stainless steel (SS)
powder, were also analyzed after identifying the effects of powder reuse with highly spherical
powders. The powder fabricated using argon atomization is typically less expensive than plasma
atomized powder and generally consists of spherical and irregular particles that might jeopardize
the powder bed layer uniformity in the L-PBF process. Hence, 15 batches of specimens were
manufactured in the east (i.e., closer to the feedstock bin) and west (i.e., farther away from the
feedstock bin) of the build plate using the unused and continuously reused powders up to 14-times.

Powder flowability and packing state improved with powder reuse upon analyzing the powder
characteristics, which was attributed to the reduction of finer particles and agglomerates. The
higher packing state of reused powder enhanced the fatigue performance of L-PBF 17-4 PH SS
parts due to smaller defects in the specimens. Unlike Ti64, the O content did not change with
powder reuse practice; therefore, no effect on spattering was expected. The tensile strength was
also similar between all batches. However, the tensile ductility was somewhat higher for the reused
powder specimens, which could be attributed to the fewer and smaller-sized defects in these

batches. In addition, the specimens in the east and west showed inconsistent fatigue performance
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due to the irregularly-shaped particles in both batches, impeding the powder flow. This
inconsistency was more severe for the unused powder and alleviated by continuously reusing the
powder due to increased flowability resulting in a more uniform powder bed layer. The results of
this investigation uncovered the importance of powder handling/reconditioning practices.
Repeatable mechanical properties may be obtained by standardizing the powder reuse practices.

The investigation of powder characteristics' effects on mechanical properties was further
expanded to the laser powder directed energy deposition (LP-DED) process. A significant amount
of powder is accumulated after LP-DED fabrication when higher build feature resolutions are
desired due to the low capture efficiency of LP-DED machines. Therefore, reusing the powder in
LP-DED is inevitable to decrease the manufacturing costs. Thus, 6 sets of thin walls were
manufactured from the NASA HR-1 superalloy. The NASA HR-1 thin walls are commonly used
in liquid rocket engine applications, necessitating powder reuse inspections. In addition, the tensile
and fatigue specimens were excised in multiple orientations, i.e., parallel and perpendicular to the
building direction, to analyze the orientation effects as well. In LP-DED technology, the powder
is blown instead of spreading as in L-PBF technology. Therefore, the powder packing state might
not be as critical as the powder flowability. Regarding the powder flowability, a minor
improvement was noted in the 5-times reused powder compared with the unused one, which was
attributed to the PSD coarsening; the mean particle size increased, and finer particles decreased
with reusing the powder.

No variation was noted in the chemical composition and the surface roughness due to the
negligible changes in powder flowability with powder reuse and uniform powder deposition. No
difference was observed in the tensile strength, which was attributed to the similar microstructures

and O content of LP-DED NASA HR-1 parts. Tensile ductility did not change with powder reuse
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in either orientation. However, the specimens cut parallel to the building direction (i.e., layers were
normal to the tensile loading axis) generally showed a lower ductility than perpendicular
specimens as a consequence of surface undulations in net-shaped specimens. The low-cycle-
fatigue (LCF), MCF, and HCF performances were almost comparable for all the batches.
Moreover, the critical defect sizes were similar in all prints, ascribed to the similar powder
flowability.

Upon investigation of the fracture surfaces, it was noted that the fatigue crack growth
mechanism was ductile for specimens from all powders due to microvoids and striations on the
fracture surface. In addition, perpendicularly oriented specimens showed slightly higher fatigue
performance than the parallel oriented ones, owing to the less weakening effect of surface
undulations in this orientation. The outcomes of this investigation showed that the effects of
powder flowability and packing state in LP-DED might differ from PBF technologies. In addition,
several quality metrics are essential to evaluate powders for each AM process. In the previous
chapter, it was noticed that such powder quality metrics could be well correlated with the observed
mechanical properties.

In addition, to reduce the experimental costs regarding powder characterization and AM
fabrications, an artificial neural network was created. This neural network could predict powder
quality scores by inputting the powder information, including its PSD, particle sphericity, and
rheological characteristics. This information can be obtained by 3D or 2D image processing of the
powder particles and rheological analysis via a small powder quantity. It was observed that the
proposed network could efficiently predict powder flow and packing behavior during fabrication.
However, further modifications to the powder quality metric and training the model with more

datasets can improve the model's accuracy. Overall, the lessons learned from this dissertation can
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help us to select an appropriate powder for each AM process and understand the sources of

variabilities to obtain more repeatable mechanical properties.
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8. Supplement A

8.1. Heat-Affected (HA) Powder Collection

Some powder samples were collected from the regions in the proximity of the gas flow

outlet/downstream to investigate the laser-powder interactions and how the particles change during

the laser powder bed fusion (L-PBF) fabrication. The collection area is schematically illustrated

in Fig. 64. This area was selected as the region of interest based on [67].

Argon Inlet (North)

Overflow

Build Plate

Feedstock

/Argon Outlet (South)

HA Powder
Collection Area

Fig. 64 Schematic illustration of HA powder collection area.
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8.2.  Surface Roughness of the L-PBF Ti-6Al-4V (Ti64) Parts

The arithmetical mean height of the profiled surface, Sa, was investigated on the X-ray
computed tomography (XCT) coupons using a Keyence VHX-6000 digital optical microscope by
considering a constant area on each side (4 x 0.85 mm?). As seen in Fig. 65, the surface roughness
generally increased with reusing the powder, meaning that the Print 1 coupons had the lowest S,
followed by Print 4 and 8, which might be attributed to the PSD changes as well as melt pool
instabilities due to increased O and N, as reported in [119]. Concerning the location on the build
plate, coupons located at the center had the lowest S, regardless of powder condition. The lowest
surface roughness at this location can be attributed to the highest power density of the laser at the
center and the complete melting of powder particles [184]. In addition, the surface roughness was
consistently lower for the coupons located in the east compared with the counterparts in the west.
The variation in surface roughness along the recoating direction can be due to the slight particle
segregation on the build plate and colonies of coarser particles in the west [31]. However, no clear

trend in surface roughness was observed in the direction of argon gas flow.
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Fig. 65 The S, values of the XCT coupons across the build plate for different prints.
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8.3.  Location of the Defects in XCT Coupons

The defect location inside XCT coupons was analyzed with respect to powder reuse and

the location on the build plate. In this approach, the defect density heat maps were projected from

the 3D reconstructed images onto the 2D plane. Therefore, all defects within the coupons at

different layer heights and radial distances from the centerline were collected and presented. In

Fig. 66, the x-axis represents the distance between the centerline and the edge, and the y-axis

corresponds to the height along the building direction. No clear trend in defect location concerning

powder reuse or the location on the build plate was observed. Most defects were at 1-2 mm

proximity to the centerline.
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Fig. 66 2D-projected defect density heat maps from 3D images for different prints and locations
on the build plate.



8.4.  Details on High Strain-Rate Fracture Study

Currently, there is not much information about fracture toughness and the effects of strain-
rate on AM Ti64 parts [109—111,185]. In [109], net-shaped compact tension (CT) specimens were
fabricated in different build layer orientations and tested in SR and heat-treated (HT) conditions
to obtain the fracture toughness, Kic. A considerable variation was noted when the specimens were
tested in their non-heat-treated condition, which was attributed to the microstructural anisotropy.
However, this disparity was largely alleviated when the test specimens were stress relieved. When
the specimens were heat-treated, the Kic increased due to microstructural changes with heat
treatment [32]. In another study [111], compression and tensile tests were performed at two
different strain-rates, namely 0.001 s (i.e., quasi-static) and 1000 s™! (i.e., high strain-rate). The
Ti64 material toughness (i.e., the area underneath the strain-strain curve) increased with the strain-
rate, and ductility reduced under compression. Regarding the tensile loading, the effects of strain-
rates were marginal, and its influence was only observed in the fracture path and surface
morphology. In [111], the authors observed a cup and cone failure mode when the specimens were
tested under quasi-static tensile conditions. On the other hand, the fracture surfaces were aligned
with the maximum shear plane when tested at high strain-rates.

In the present work, the fracture behavior of L-PBF Ti64 parts was investigated under high
strain-rate loading conditions (500 s'). The specimens were oriented horizontally (loading axis
and crack were perpendicular to the build plate (Fig. 1(a)) on the build plate in different locations
to study the effects of both powder reuse and location. A hybrid digital image correlation (DIC)-
finite element (FE) approach was used to obtain the fracture parameters. Earlier techniques based
on this concept have involved applying the measured displacements from full-field optical
methods as boundary conditions into FE sub-models [186—189]. The particular hybrid

methodology has been shown previously to capture the fracture parameters with a high degree of
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fidelity in polymeric and metallic materials processed using traditional and AM methods under
static and dynamic loading conditions [113,190,191].

High strain-rate fracture specimens for this study were built horizontally. That is, the loading
axis was perpendicular to the build plate. The geometry of high strain-rate fracture specimens
consisted of frustum-shaped pins to load the specimen in the symmetric three-point bend
configuration. This design was favored over integrating the pins into the loading apparatus due to
simplicity. The strategy of performing full-field optical measurements directly on the specimens
facilitated this approach even though pins deform during the loading event. A crack of 6 mm in
length and 150 um in width was inserted into the specimen using a diamond saw. Subsequently,
the specimens were sprayed with mists of black and white paint to create random speckles on one
of the two surfaces to perform DIC and measure in-plane deformations.

A Kolsky compression pressure bar apparatus [112] was used for testing under high strain-
rate conditions. Two C350 maraging steel long-bars of length 2.4 m and diameter 25.4 mm were
used as incident and transmission bars. A maraging steel striker rod with a length of 305 mm and
a diameter of 25.4 mm was propelled from the barrel of a gas gun to impact the incident bar and
generate stress waves. The other end of the incident bar had a flat profile and was in contact with
the central loading pin of the specimen. The opposing edge of the specimen with two loading pins
was in contact with the flat profile of the transmission bar. All three loading pins were kept in
contact with the two bars before the loading event. In order to hold the specimen between the two
bars from slipping down due to gravity, a block of soft putty was used as a support. Due to the low
acoustic impedance of the putty block, an approximately free surface condition was achieved. For

acoustic symmetry relative to the loading axis, another putty block was pressed on the top edge of
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the specimen. In all experiments, the striker velocity was set at ~40 m/s, and all the dynamic
deformations were captured with a Kirana-05M ultrahigh-speed camera.

The DIC method was used to measure full-field in-plane deformations on Ti64 specimens in
the vicinity of a growing crack tip [112,192-194]. The displacement components can be
numerically differentiated to find spatial gradients of deformations and strain fields. The J-integral

[195,196] can be calculated using the standard line integration approach using the expression,

ou;
J=1lim <W51i — Ojj a—xi>nldC, (l,] =121 =%x,x5 = y) (1)

r-0jp
that requires spatial derivatives of displacement components. In the above equation, W is the strain

energy density, 6 and u; are the Cartesian components of Cauchy stress (611 = Oy, 012 = Oxy)

and displacement components (u; = u,u, = v), respectively. In Eq. (1), n; is the unit vector
component normal to the counterclockwise contour path I, 64; is the Kronecker delta and dC is the
incremental arc length along the contour path. The J-integral is often evaluated as a path-
independent line integral. Instead, it can also be expressed as area integrals in planar geometries.
It should be noted that when compared to the traditional optical methods of finding fracture
parameters by employing measured deformations in conjunction with the theoretical crack tip
fields and over-deterministic least-squares analysis [192,193,197,198], the J-integral approach
does not depend on fitting a field description to measurements. Moreover, in the traditional
approach, the measured fracture parameters are generally sensitive to different factors, including
the number of terms of the asymptotic displacement field employed, the rigid body motions
suffered by the specimen during loading, the domain over which data is extracted, the out-of-plane
displacements due to crack tip triaxiality. The results are also often sensitive to locating the crack
tip amidst speckles and from the displacement field. Considering these issues, a more

straightforward method of transferring the two measured orthogonal displacement data arrays from
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DIC into a FE discretization as surface boundary conditions to compute the J-integral using the

domain (area) integral representation of Eq. (1) is employed using,

—f Woy + 0,29\ 29 ya i = 1,2 2)
] = i 1i Uijaxl o, (L, =12)

in the above equation, 4 is the area of the ribbon of elements encircling the crack tip, g, is a
sufficiently smooth weighting function, and all other parameters are as defined previously.
During experiments, random speckle images were recorded by the camera in the reference
(undeformed) and deformed states. These images were then segmented into subsets of gray scales
for carrying out DIC. The displaced location of each subset in the deformed state is subsequently
determined relative to its reference state using a grayscale correlation algorithm. The displacement
data at the center of each subset is computed over the whole region of interest. To implement the
proposed approach to compute the J-integral, the domain was discretized. The locations where
displacements were determined matched the nodal locations in the FE model consisting of a square
grid of quadrilateral elements parallel perpendicular to the specimen edges. However, it should
also be noted that when the crack followed a kinked path relative to its initial orientation after
crack initiation, the neighborhood of the crack (regions adjacent to the crack flanks) was
discretized along with a band and the interpolated displacements obtained from DIC subsets were
inputted at the FE nodes. The crack tip was modeled as a sharp discontinuity for simplicity. Since
the measured displacements were used as input to the FE model to dictate the post-processing of
DIC data and find the J-integral, the sharpness of the crack tip in the model is unimportant. A
flowchart of all the steps followed during the J-integral evaluation is shown in Fig. 67. First,
experimentally measured displacement components were imported as nodal boundary conditions.
Then, the model was run using ABAQUS structural analysis software (v.16.1) after identifying the

current crack tip position and its orientation to extract the energy release rate using in-built
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algorithms. The stress-strain curves, obtained from the tensile tests, were used to run an

elastoplastic analysis in FE and evaluate the J-integral.

Images recorded by the DIC grid with experimentally Discretized FE model with

camera in reference measured  displacements  for |Imp0rt boundary condition »| nodal locations matching DIC

and deformed states each sub-image grid

Energy release rate J for the - Fracture property output in
. Average over a flat region !

corresponding  deformed state terms of contour mumbers

image

Fig. 67 Flowchart depicting the hybrid DIC-FE approach.

ABAQUS outputs fracture parameters for different rings/contours of elements around the
crack tip. The first output corresponds to the ring of elements encircling the crack tip and the
second one includes the first and the second rings, and so on. As the contour number increases, the
radial extent of the domain around the crack tip used for computing the J-integral increases. Since
the discretization corresponds to the overlap between neighboring subsets used while performing
DIC (subset size = 25 pixels and adjacent subset overlap = 5 pixels, scale factor or the optical
magnification ~ 30 um/pixel), each additional ring corresponds to the radial increment of sub-
image overlap x the scale factor. An example speckle image and displacement contours obtained
from DIC are shown in Fig. 68. It can be observed that the u-fields are symmetric relative to the
loading axis (along the x-axis). Similarly, v-fields are symmetric; however, they are antisymmetric

in magnitude relative to the loading axis.
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-1.5
Fig. 68 (a) Speckle image captured at 400,000 fps, (b) u-field and (c) v-field displacement
contours from DIC, contour interval = 20 um. The particular time instant shown here is before
crack initiation. Red dots indicate the crack tip location at this time instant.

An example plot of the J-integral values for different contours and radial distances from the
crack tip at the instant of crack initiation is shown in Fig. 69. The values do not show path
independence in the very close vicinity of the crack tip (for up to contour #7 or radial extent of ~1
mm) due to a combination of crack tip triaxiality, inelastic deformations violating small scale
yielding assumptions, and the finite size of elements and shape functions used, among others.
However, at larger distances of 1.5-5.5 mm (/B ratio of 0.4-1.3, where r is the radial distance from
the crack tip and B is the specimen thickness) away from the crack tip, the values are rather stable
and nearly constant with an acceptable variation of ~5%. These stable values, averaged over
contours 10-33 or 1.5 mm-5.5 mm (shaded region in Fig. 68), were recovered as the instantaneous

J-integral. A summary of other experimental parameters used for 2D DIC is listed in Table 1.
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Fig. 69 Computation of the J-integral: Plot of J for different contour numbers (left). Contour #10-
37, corresponding to 1.5-5.5 mm or /B ratio of 0.4-1.3 are used consistently for all load steps.
(The reported data corresponds to the shaded part where the J-value varies by < 5%). An
enlarged view of the averaged plateau region is also shown on the right.

Table 1 DIC parameters summary.

Hardware Parameters Analysis Parameters

1(\:/[?5:{3 Manufacturer Kirana-05M Software Aramis® 6.2.0
. 924x768 pixels Manufacturer GOM
Image Resolution
Lens Focal Length Nikon Image Filterin None
£ 80-400 mm ge viltering
FOV 33 mm x 26 mm Sub-image/Subset 25 x 25
Image Scale 33.3 pixel/mm Step Size 5
Stereo-Angle N/A Subse.t SHETS Affine
Function

. Data Processing and
Stand-Off Distance 0.6 m Filtering for QOIs None
Image Acquisition Rate 400,000 fps e el 2 um

g q s p of QOIS u

Patterning Technique Spray painted
Approx. Feature Size 3 pixels

Fig. S7 and S8 show the J-integral histories and crack growth resistance curves for Prints 4 and

print 8, respectively. In both cases, the energy release rate had a monotonic increase until crack
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initiation, followed by crack growth under steady-state conditions. Stable crack growth could be

better inferred from the crack growth resistance curves. The fracture behaviors for Prints 4 and 8

followed the observed behavior of Print 1 with the exception of higher critical energy release rates

in Prints 4 and 8. However, north and south specimens exhibited no difference when looking at

the location dependency on the build plate for Prints 4 and 8. The same trend was also observed in

Print 1.
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Fig. 70 The J-integral history (a) and crack growth resistance curves (b) for Ti64 specimens from
Print 4 in the north and south locations of the build plate.
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. 71 The J-integral history (a) and crack growth resistance curves (b) for Ti64 specimens from

Print 8 in the north and south locations of the build plate.
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8.5. Chemical Composition on the Fracture Surface

The chemical composition on the fracture surfaces of fatigue specimens was investigated to
understand why south specimens had relatively shorter fatigue lives. Some nonmetallic inclusions
such as oxides (e.g., Al>O3), carbides (e.g., TiC), and ceramics (e.g., SiO2) were detected at or
close to the volumetric defects (see Fig. 72). These inclusions were most likley formed due to
spattering [31], an unstable melt pool, or vapor-induced particle entrapment [199]. These spatter-
induced inclusions could considerably degrade the fatigue performance regardless of their type by
preventing the proper fusion between successive layers [120]. In addition, such nonmetallic
inclusions were more frequently noted on the fracture surface of reused powder specimens in the
south due to a higher probability of spatters and melt pool ejecta landing in the south region [106],

accompanied by the higher O content of reused batches.

Fig. 72 Energy-dispersive X-ray spectroscopy (EDS) maps on the fracture surface of the L-PBF
Ti64 Sp.1 from Print 4. The SiO2, Al1203, and TiC nonmetallic inclusions are pointed with
white, yellow, and red arrows.
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9. Supplement B

The artificial neural network used in this dissertation to predict the powder quality score had a
structure as follows:

Loading the required packages:

from pandas import read_csv

from matplotlib import pyplot

from keras.utils.vis_utils import plot_model

from tensorflow.keras.models import Sequential
from tensorflow.keras.layers import Dense

from sklearn.metrics import mean_absolute error
from sklearn.metrics import mean_absolute percentage error
from sklearn.model _selection import train_test split
from ann_visualizer.visualize import ann_viz

import pandas as pd

import numpy as np

import visualkeras

import tensorflow as tf

import math

import matplotlib.pyplot as plt

import graphviz

Creating the first dataset from the data and defining the input and output variables:

dataframe = pd.read_csv("MyCodes/Powder Data.csv');
dataset = dataframe.values

dataset = dataframe.values

X = dataset [0:30,2:16]

vy = dataset [0:30,26]

Splitting the dataset into training and testing data:

X train, X test, y train, y_test = train_test split(X, y, test size=0.3, random_state=10)
X train = np.asarray(X_train).astype(np.float32)

y_train = np.asarray(y_train).astype(np.float32)

X test = np.asarray(X test).astype(np.float32)

y_test = np.asarray(y_test).astype(np.float32)

n_features = X train.shape/[l]

Defining the artificial neural network based on a Keras model:

model = Sequential()

model.add(Dense(40,inputdim=n_features,activation="sigmoid’ kernel_initializer="he_normal’))
model.add(Dense(40, activation="relu’, kernel_initializer="he_normal’))

model.add(Dense(l, activation="linear'))
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model.compile(loss="mse’, optimizer="adam’', metrics=['accuracy'])
history=model fit(X train,y train,epochs=1024, validation_data=(X test,y test), batch _size=32,
verbose=()

Predicting the powder score based on the input variables:

vy _predict = model.predict(X test)

print("Test=%s, Predict=%s" % (y_test[0:50], y_predict[0:50]))
mape= mean_absolute _percentage error(y testy predict)
print("Mean absolute percentage error (MAPE)="", mape)

Evaluating the model loss:

plt.plot(history.history['loss'],label="Loss’)
plt.plot(history.history['val loss'], label="Loss Value')
plt.title("Model Loss')

plt.ylabel('Loss')

plt.xlabel("Epoch’)

plt.legend(loc="upper right')

plt.show()

Creating the second dataset from the literature to predict powder quality score:

dataframe2 = pd.read _csv('MyCodes/Powder Data.csv')

dataset? = dataframe2.values

Xnew = dataset2 [31:44,2:16]

Xnew = np.asarray(Xnew).astype(np.float32)

ynew = dataset? [31:44,26]

ynew = np.asarray(ynew).astype(np.float32)

ynew_predict = model.predict(Xnew)

ynew predict = np.asarray(ynew _predict).astype(np.float32)

print("Data from Literature=%s, Prediction=2%s" % (ynew/[0:50], ynew_predict[0:50]))
mape= mean_absolute percentage error(ynew,ynew predict)

print("Mean absolute percentage error (MAPE) of literature data=", mape)

plt.subplots(figsize=(8, 6))

Linel= plt.plot(y_test, marker="o", color="r'", linestyle="None', markersize = 10, label="Data’)
Line2=plt.plot(y_predict,marker="",color="b'"linestyle="None',markersize=10,label="Predictio
ns')

plt.xlabel('Sample’, fontsize=14, fontname="arial")

plt.ylabel('"Powder Score' fontsize=14, fontname="arial")

plt.legend(fontsize=14, loc="best')

plt.tick params(axis='both’, length=>5, width=1, which="both', labelsize=14, direction="in')
plt.title("Experimental Data", fontsize=14, fontname="arial")

plt.xlim([-1, 14]);

pltylim([0,1.2]);
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plt.subplots(figsize=(8, 6))

Line3= plt.plot(ynew, marker="o", color="k", linestyle="None', markersize = 10, label="Literature
Data')

Line4=plt.plot(ynew predict, marker=""",color="c’,linestyle="None',markersize=10),
label='"Prediction’)

plt.xlabel('Sample’ fontsize=14, fontname="arial")

plt.ylabel('"Powder Score',fontsize=14, fontname="arial")

plt.legend(fontsize=14, loc="best’)

plt.tick_params(axis='both', length=>5, width=1, which="both', labelsize=14, direction="in')
plt.title("Literature Data", fontsize=14, fontname="arial")

pltxlim([-1, 32]);

pltylim([0,1.2]),;

plt.show()
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