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Unmelted titanium alloy (Ti-6A1-4V) feedstock powder oxidizes during powder
bed fusion additive manufacturing. This review focuses on the potential effect
variations of the powder reuse method may have on the oxidation rate over
multiple builds in both electron beam and laser powder bed fusion processes.
No correlation of the oxidation rate based on the powder reuse method has
been observed, but significant variation in the oxidation rate has been ob-
served between reuse methods. The authors feel that these results highlight a
need for better reporting of the details of the powder reuse method (e.g.,
mixing) to appropriately assess the potential for the reuse method to affect the
oxidation rate. Recommendations for powder reuse and details for a higher
level of reporting are provided. Multiple instances of variable oxidation rate
within a given experiment have been observed. The implications of this

heterogeneity on mechanical property variability might be significant.

INTRODUCTION
Additive Manufacturing of Titanium

The development of metal additive manufactur-
ing (AM) has brought forth a paradigm shift in the
manufacturing of metals and alloys, such that
complex metal parts can now be fabricated using
computer-aided design (CAD) as opposed to tradi-
tional metallurgical methods and extractive manu-
facturing. AM enables net shape or near-net shape
fabrication of parts with complex geometries to be
digitally designed and easily printed, thereby cut-
ting down on manufacturing lead times across a
wide variety of industries. The constant stream of
advances in AM technologies led by governmental,
industrial, and academic efforts has given rise to
real-world use cases of metal AM parts, ranging
from aerospace technology to medical device appli-
cations. Due to the advantages of this process, the
medical and aerospace industries have invested
heavily in AM, mostly in titanium-based alloys
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due to their high strength-to-weight ratios and
corrosion resistance. This, in turn, has propelled
the AM community to concentrate its efforts
towards the qualification of titanium alloys, mainly
the Ti-6Al1-4V alloy, for fatigue- and fracture-critical
applications. However, AM Ti-6Al1-4V has yet to see
wide adoption for such applications due to an
incomplete understanding of the processing—struc-
ture—properties—performance (PSPP) relationships
across the many different additive manufacturing
technologies, individual machine settings, powder-
handling methods, and post-processing treatments.’
Sales of all AM products and services worldwide are
forecast to reach US$35.6 billion in 2024, and
therefore a qualification framework and standard-
ization of the processes will provide an enormous
beneficial impact on industry needs. One such
example includes aerospace part maintenance,
repair, and sustainability, as AM of Ti-6Al-4V
provides a unique solution for overcoming long lead
times for parts with complex geometries in which
buy-to-fly ratios tend to be large.?

One of the key components when developing a
qualification framework for AM Ti-6Al1-4V for
fatigue- and fracture-resistant applications is to
critically understand the effects of oxygen contam-
ination on the AM parts and powder feedstock.
Titanium alloys have a high affinity for oxidation
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due to their high oxygen reactivity at elevated
processing temperatures, requiring expensive and
elaborate mitigation processes. Traditional titanium
metallurgy requires that the processing environ-
ments consist of vacuum or inert atmospheres in
order to maintain ductility, since the oxygen content
is directly related to the increased yield strength
(YS) and ultimate tensile strength (UTS) in Ti-
alloys, as shown in Fig. 1, with data digitized and
replotted from Ref. 4. There is a strength—ductility
trade-off with increasing amounts of oxygen present
either in the interstitial regions or in the form of
oxides. The minimum values for YS and UTS in
accordance with ASTM F1472-14 are shown as
horizontal dashed lines.® It is apparent how small
changes in oxygen content can lead to large changes
in mechanical properties. In some instances, failure
to control the oxygen content can lead to a material
that does not meet the material’s specification
requirements.

The aim of this review is to summarize the
literature relating specifically to the reuse of Ti-
6Al1-4V powder feedstock batches and its subsequent
effects on the oxidation and resulting mechanical
properties in AM Ti-6Al-4V builds. For other
aspects of AM of Ti-6Al-4V and Ti powder metal-
lurgy, the authors direct the interested reader to
Table I, where a non-exhaustive list of review
studies pertaining to these topics involving Ti-6Al-
4V is given. The goal of the present review is not to
redundantly describe every aspect of Ti-6Al-4V
metallurgy with respect to AM, but rather to fill in
the gaps of information with respect to Ti-6Al-4V
powder reuse in PBF AM. Other recent reviews not
directly pertaining to Ti-6Al-4V are also helpful for
understanding focus on qualification and certifica-
tion,® mechanical properties of AM metals,” pow-
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Fig. 1. Tensile properties of wrought Ti-6Al-4V as a function of
oxygen content, recreated from Ref. 4. Dashed horizontal lines
represent the minimum requirements for UTS and YS in accordance
with ASTM F1472-14.
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relationships,’ feedstock powder degradation,®®
AM of new materials,'! and spreadability metrics.'?

With AM Ti-6A1-4V alloys, oxidation can lead to a
number of changes in material properties, high-
lighted in Table II. In traditional Ti-6Al-4V metal-
lurgy, oxygen is an o phase stabilizer and is
sometimes purposely added to increase the strength
of the alloy. However, oxidation is not always
beneficial in additive Ti-6Al-4V. At this stage in
AM technology development, oxygen is an uncon-
trolled contaminant by-product of PBF processes for
atmospherically sensitive alloys such as Ti-6Al-4V,
through simultaneous exposure to high tempera-
tures and oxygen sources. High background tem-
peratures (400° C-800°C) in electron beam (EB)-
PBF exist due to layer preheating, leading to
temperatures high enough to sinter any unmelted
powder in the entire build area. High temperatures
in laser (L)-PBF exist only in close proximity to
melted parts and may or may not be high enough to
achieve sintering, although they are high enough to
increase the oxygen affinity of Ti-6Al1-4V and lead to
powder oxidation. The assumed main source of
oxygen during EB-PBF is thought to be powder
moisture.?® The vast majority of AM machines lead
unavoidably to powder exposure to the atmosphere
between builds. Due to the small powder (median
particle size about 25 ym) and narrow (5-25 um)
size distributions used in PBF AM, the significant

Table I. Non-exhaustive list of reviews pertaining
to Ti-6Al-4V

Topic References
Powder metallurgy 13
Strength and ductility 14
Effects of interstitial solutes 15
Feedstock production 16
Fatigue in AM 17, 18
Mechanical properties 19
Solidification modeling 20
Direct metal laser deposition 21
General overview 22
High oxygen content powder 23
Oxygen effects on ductility 24

Table II. Effects of oxygen in AM Ti-6Al-4V

Topic References
Reduced impact toughness 26
Increased strength 27-29
Decreased elongation 29, 30
Material embrittlement 31
Decreased fatigue resistance 32
Difference in o/p phase fraction 33
Anisotropy in tensile behavior 34
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Table III. Chemical requirements for ASTM F2924-14 (Grade 5) and ASTM F3001-14 (Grade 23, ELI) Ti-6Al-4V
for PBF feedstock. Tr. = traceelements; Units are in wt%

ASTM Al v Fe (0] C N H Y Trace Trace max. Ti
F2924 55<x<6.75 35<x<45 030 020 0.08 005 0.015 0.005 0.10 0.40 bal.
F3001 55<x<6.50 35<x<45 025 013 0.08 0.05 0.012 0.005 0.10 0.40 bal.
Table IV. Powder characterization methods adapted from Ref. 38

Technique Characterization

Helium pycnometry

Laser diffraction

X-ray computed tomography

X-ray diffraction (XRD)

Scanning electron microscopy (SEM)
Transmission electron microscopy
Energy-dispersive X-ray spectroscopy (EDS)
Gas/liquid/ion chromatography

Mass spectroscopy

X-ray photoelectron spectroscopy (XPS)
Combustion analysis (e.g., LECO and Eltra)
Atom probe tomography (APT)

Powder trap capsule

Particle density
Particle size distribution
Particle size and morphology
Crystallographic phases
Microstructure, morphology, Z-contrast
Microstructure, phase identification
Bulk chemical analysis
Bulk chemical analysis
Bulk chemical analysis
Surface chemical analysis
Bulk light element analysis C, H, N, O, S)
Atomic-resolution chemical analysis
AM powder bed density (PBD)*®

powder surface area attracts moisture quickly and
in large quantities when exposed to the atmosphere
for even a short time. During the subsequent build,
this moisture provides an oxygen source for powder
oxidation. An additional potential oxygen source in
L-PBF is shielding gas impurities. The shielding gas
is used to prevent deleterious interaction of the melt
pool vapor plume with the laser or the powder bed.
However, a range of shielding gas purity is used,
and impurities in that shielding gas could be a
source of oxygen during the L-PBF process. EB-PBF
has a similar potential additional source of oxygen
from helium impurities. EB-PBF is a vacuum
process, but helium is introduced into the build
chamber throughout the build process to maintain a
more consistent vacuum level and improve beam
quality and build outcome.

Unwanted oxygen incorporation in each build
compounds over multiple builds and decreases the
lifetime of the reused feedstock powder, and can
lead to the many effects listed in Table II. An
important outstanding question in the AM of Ti-6Al-
4V is: how does the overall AM process and subse-
quent powder reuse methods affect the oxidation
rate of reused powder batches over multiple builds
and subsequent effects in as-built material? These
issues have led the AM community to track the
oxidation of Ti-6Al-4V feedstock powder oxidation
and set allowable quantities for specific use cases.

The current ASTM standard specifications for AM
PBF Ti-6A1-4V are ASTM F2924-1435 pertaining to
Grade 5, and ASTM F3001-14%¢ for Grade 23,
(extra-low interstitials, ELI) Ti-6Al-4V alloy. The

values presented in Table III refer to the allowable
quantities for each alloying element in the ASTM
F2924-14 and F3001-14 standards for Ti-6Al1-4V. Of
all these elements, oxygen is the most dynamically
changing throughout the lifetime of a powder batch.
The chemical analysis is typically carried out using
inert gas fusion techniques with LECO and Eltra
chemical analysis devices*. However, these inert
gas fusion techniques do not quantify the form or
species of oxide in the powder batch, so that it is not
fully known if the oxygen was interstitial or present
in the form of a surface metal oxide.

Several powder characterization techniques can
be employed for powder characterization, listed in
Table IV recreated from Ref. 37. These techniques
have all been utilized for the study of Ti-6Al-4V
powders. However, many of these techniques can
only provide a quantitative representation of the
powder oxidation and the relative oxidation of
internal phases in singular particles. The higher-
resolution techniques for chemical analysis such as
scanning transmission—energy-dispersive x-ray
spectroscopy (EDS) and atom probe tomography
require extremely small sample sizes; therefore, it is
difficult to quantitatively assess the oxidation in
bulk powder batches of Ti-6Al-4V. However, the
focus of this review article is the changes in PBF

*Commercial names are identified in order to adequately specify
the experimental procedure. Such identification is not intended to
imply recommendation or endorsement by the NIST, and nor
does it imply that they are necessarily the best available for the
purpose.



titanium powder oxygen content due to powder
reuse methods.

Recent investigations into powder atomization
highlight the need for a better understanding and
improvement of the atomization of feedstock powder
used in AM,*" as various powder characteristics,
such as spreadability, flowability, internal porosity,
size distribution, tap density, apparent density,
chemistry, morphology, and moisture content, can
play critical roles in the AM process, especially
oxygen-sensitive metals like Ti-6Al-4V.

Powder Handling and Reuse Methods

There are many different ways to reuse powder
feedstock in PBF processes, and it can be quite
challenging to distinguish exactly which method
was employed when reading powder reuse studies.
In general, most researchers and AM part manu-
facturers will seek to reuse leftover metal powder
from the powder bed for subsequent builds to
maintain the cost effectiveness of the process.
However, the method in which they reuse their
powder can often be opaque to external institutions
and researchers. Throughout this literature survey,
there were a number of overlapping methods for
powder reuse, and, in order to categorize these
methods as accurately as possible, a non-exhaustive
classification system was developed for the purposes
of this review in order to present the data as
concisely as possible. Note that the developed
classification system does not reflect all the ways
Ti-6Al-4V powder can be reused, but rather those
that were observed from the literature at hand.
Individual Ti-6Al-4V part manufacturers may have
their own proprietary or process-optimized methods
for powder reuse, as well as qualified methods for
specific part production as per regulating body
requirements. The following processes described
below only generalize the overall type of powder
reuse schema, and may lack specific details that
were unfortunately not present in the literature.
The description of these processes in this work are
only general and may lack specific details that were
unfortunately not present in the literature.

The flow chart presented in Fig. 2 describes a
generalized powder reuse flow encompassing the
methods used in the literature. The arrows indicate
the flow of progression from each step, and only
specifically to a certain process when denoted as
such. The powder reuse processes are referred to as
Processes A, B, C, and D, labeled in Fig. 2. The
dashed line represents a flow that is only performed
when the entire lot has been through the machine at
least once.

— Process A describes a powder reuse method
that applies to both EB-PBF and L-PBF such
that no virgin powder is added, and the leftover
powder in the build area for a given build is
sieved and possibly mixed followed by reintro-
duction into the powder hoppers or feed regions
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Fig. 2. Generalized powder reuse schema as employed by the work
cited in this review.
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Fig. 3. Oxygen pickup in Grade 5 Ti-6Al-4V powder adapted from
Ref. 25. Sintered powder taken only from the sintered cake; Mixed
powder that was reused according to Process A (mixing of the
sintered powder with remaining powder in the hoppers).

for subsequent builds. This leads to an overall
loss in volume of the powder, and this process is
carried out until there is no longer enough
powder left to complete the builds. Due to a lack
of specific information in the literature, there is
uncertainty with respect to the handling of the
remaining powder sitting in the hoppers/feed
regions. Specific details are missing as to
whether this powder will be mixed with the
build area powder, followed by reintroduction to
the hoppers/feed regions, or if the build area
powders are recombined and added on top of the
unused hopper powder or feed regions.

— Process B describes a schema such that virgin
powder is added to every build in order to make
up for the mass loss due to part fabrication. Like
Process A, there exists uncertainty as to whether
virgin and build area powder are mixed with
each other, and/or the hopper/feed region pow-
der, or just added to the top of the remaining
hopper/feed region powder.
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— Process C describes a schema that incorporates
both Processes A and B, such that no virgin
powder is added until after a specific cycle, N.
This process could then be repeated, adding or
‘refreshing’ powder batches with virgin powder
on an as-needed basis. Again, it is unclear
whether some combination of virgin, build area,
and hopper/feed region powder is mixed with
each other or just added separately to the
hoppers/feed regions.

— Process D describes Arcam’s recommended
powder reuse schema for their EB-PBF ma-
chines. This process involves a quarantining of
used powder such that all the starting/virgin
powder has gone through the machine at least
once, so that the quarantined powder batches
have all seen the same number of builds and
have been refreshed with equal amounts of
virgin powder to make up for loss of mass. Once
all the starting powder has been depleted, the
quarantined powder becomes the new starting
powder. Although this is Arcam’s recommended
procedure, there may exist slight differences in
the procedure across Arcam machine users.

SUMMARY OF POWDER REUSE STUDIES

The following sections are summaries of Ti-6Al-
4V specific powder reuse studies pertaining to the
oxidation of the powder and the effects on material
properties during EB-PBF and L-PBF AM. Sum-
mary tables and graphs for the following sections
can be found in Table V and Figs. 6 and 10 (see
below) for EB-PBF and Table VI and Figs. 7 and 10
(see below) for L-PBF. To accurately represent the
following literature, it must be noted that some of
the articles pertaining to Ti-6Al-4V powder reuse
did not specifically aim to study the reused powder
and only included the oxidation information for
completeness. Therefore, as much information as
possible was collected regarding oxidation from the

literature cited below. However, the entire articles
in many cases have not been fully summarized with
respect to the entire scope of the individual authors’
work, only the portions of the articles pertaining to
powder reuse.

Electron Beam Powder Bed Fusion (EB-PBF)

The effects of Ti-6A1-4V powder reuse in the EB-
PBF process were initially cataloged in a 2009
internal report by Arcam scientist, Mattias Svens-
son, where the objectives of the overall experiments
were to measure the material properties of EB-PBF
Ti-6Al-4V in the as-built state and after hot isostatic
pressing (HIP).?® The aim of the study was to test
the as-built and HIPed Ti-6Al-4V (Grade 5) and Ti-
6Al-4V ELI (Grade 23) in accordance with the
following industrially relevant standards AMS
4999,"° ASTM F136-08,*' ASTM F1472-08,"’and
ASTM F1108-04*3 (the latter three of which have
since been superseded by ASTM F136-13,** ASTM
F1472-14,° and ASTM F1108-14*%). The builds were
conducted on an Arcam S12 machine in a partial
vacuum of He of 2 x 10-3 mbar. Chemical analysis
was carried out by a ISO 17025%¢ compliant third
party laboratory. The virgin powder oxygen content
for both the Grade 5 and Grade 23 were measured to
be 0.17 wt% O and 0.10 wt% O, respectively. The
increasing number of powder reuse times resulted
in a steady increase of oxygen pickup, which
Svensson stated only occurred during the preheat-
ing/sintering stage of the EB-PBF process. Svensson
also stated that the oxygen pickup is dependent on
the partial pressure of hydrogen in the chamber, but
could also be attributable to the powder feedstock
morphology, noting that gas-atomized powder had
higher increases in oxygen from reuse than plasma-
atomized powder. A total of 19 builds were carried
out on the Grade 5 powder which resulted in an
average oxygen pickup from 0.17 wt% O to 0.22 wt%
O of the powder after the remaining powder had
been mixed with the powder recovered from the

Table V. List of reuse processes and oxidation in EB-PBF; lengths in parenthesis refer to oxide scale growth

Method Machine Reuses #
A S12 26
A S12 5
A S400 40
D Al 90
A A2 11
D _ _
A A2 21
A A2 5
A A2X 30
D A2X 69
B Q10plus 7
A Q10plus 10
A A2X 2
A A2X 30

O; (Wt%) O (Wt%) Ref.
0.17 0.22 25
0.10 0.115 25
0.13 <0.50 47
0.14 0.33 48
0.14 0.20 49

- - 50
0.08 0.19 27
0.138 0.182 59
0.15 0.205 64
0.124 0.324 29
0.12 0.15 62

(6.5 nm) (7.54 nm) 68
0.13 0.17 69

0.142 0.356




sintered cake, in what appears to be a Process A
method of powder reuse. The oxygen content of
purely the sintered cake increased from 0.17 wt% to
0.195 wt% O after one build, and by build 19 had
increased to 0.25 wt% O. The data for these
measurements have been replotted from Ref. 25 in
Fig. 3. The red data markers in Fig. 3 pertain to the
oxygen concentration of the powder collected from
the sintered block of material after one build. The
blue data markers represent the mixed powder
batch of all the leftover material from the process.
The average oxygen pickup from the Grade 5
sintered powder from the oxygen content of the
feedstock per individual build is calculated to be =~
0.03 wt% O/build, while the overall average oxygen
pickup rate per build from via mixing the powder
was ~ 0.003 wt% O/build. A total of 5 builds were
carried out using the Grade 23 powder, where the
average oxygen increase per build never exceeded
the 0.13 wt% Grade 23 limit. Measurements of
purely sintered cake powder after the first build saw
an increase from 0.10 wt%, ultimately increasing to
~ 0.14 wt% O. The average oxygen pickup rate of
the sintered powder from the feedstock is calculated
to be 0.029 wt% O/build. The average increase per
build after mixing is lower, calculated to be 0.004
wt% O/build. There was a marked decrease in Al
content from the powder to the as-built specimen.
The tensile properties for both HIPed and as-built
samples are maintained through the EB-PBF pro-
cess. Increased porosity in the as-built specimens
led to reduced fracture toughness and rotating bend
fatigue life. Svensson concludes that increased
oxygen content is dependent on the residual water
pressure in the chamber.?®

One of the first published instances of the effects
of reused titanium powder for EB-PBF was in an
article by Gaytan et al. in 2009 where the authors
investigated the optimization of the EB-PBF build
parameters and subsequent effects of such on the
microstructure and mechanical properties of mesh
structures.*” The EB-PBF was carried out using 30-
um-diameter Grade 23 Ti-6Al-4V powder on an
Arcam EBM S400 machine. The preheated step was
carried out with raster beam scans of 15,000 mm/s
at a beam current of approximately 30 mA to heat
each layer to 640 °C. The melt scan parameters
were a 400 mm/s raster speed with 6 mA of beam
current and the energy density of the beam was
10?2 kW/cm?. The build chamber nominal vacuum of
1.3 x 10~* mbar was increased to 1.3 x 10~2 mbar
with a He bleed. The unmelted powder was then
mixed with the recovered powder that loosely
adhered to the finished part and used for the
following build (Process A). This process was carried
out 40 times, with analysis of the powder via EDS
revealing a decline in Al content and no change in V.
The authors note that the detection of less than 0.50
wt% O via EDS was not feasible for the study, and
therefore the authors concluded with the reasonable
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assumption that the oxidation of the reused powder
did not exceed the 0.50 wt% O detection limit of the
EDS detector. The authors did note that there was a
10-15% reduction in Al in the chemistry of the as-
built part. The powder size distribution ranged from
a few micrometers to ~ 100 um, with an average
particle size of about 30 um.

A general study on the morphology of Ti-6Al-4V
powders used in EB-PBF was carried out in 2014 by
Mohammadhosseini et al., where the emphasis of
the investigation was on the particle size distribu-
tion, morphology, and flowability of the powders
used in EB-PBF.*® The authors categorized the
oxygen content of the reused powder via inert gas
fusion. The average particle size had a median
diameter of 67 um, with a narrow distribution
range. The starting oxygen content was measured
to be 0.14 wt% O. The reuse procedure consisted of
recovering the sintered powder using the Arcam
PRS to blast the residual powder off the part,
followed by sieving. After corresponding with the
authors for this specific study, it was determined
that the powder reuse was in accordance with
Arcam’s recommended procedure (Process D).
Mohammadhosseini et al. noted that there were no
observable effects in flowability or apparent density
in the powder after 90 builds and 1000 h of running
the EBM machine. Overall oxygen content was
found to increase to 0.33 wt% O after the 90
builds.*® The authors do not state how large the
builds were, but the average amount inferred from
the stated 90 builds at 1000 h yields an approximate
11 h/build.

The effects of reuse on EBM Ti-6Al-4V powder
were revisited in 2015 with three independent
articles by Petrovic et al.,*® Strondl et al.,’° and
Tang et al.?’ The study by Petrovic et al. was an
effort to identify the level of reusability of Ti-6Al1-4V
powder used in EB-PBF such that it conformed to
the aeronautical manufacturing standard for Ti-
6Al1-4V alloy in sheet, strip, and plate form for then
SAE International standard AMS 4911N,%! which
has since been revised in 2019 to AMS 4911R.° The
study consisted of 16 builds on an Arcam A2
machine with Ti-6Al-4V powder provided by Arcam.
The authors did not provide machine settings used
for the builds in this experiment, but noted that the
preheat temperature of 650°C was achieved and
maintained throughout the build. The amount of
powder was selected such that the exact number of
16 builds could be achieved, with just enough
powder left in the hoppers to maintain powder flow
during the build. The powder reuse procedure
consisted of blasting off the sintered powder stuck
to the as-built part in the PRS and vacuuming loose
powder from the build chamber and hoppers to be
sieved and reintroduced back into the hoppers
(Process A). The authors noted that the procedure
was carried out with controlled room temperatures
of 21°C-23°C, with a controlled humidity of 35—
40%*°. The chemical analysis of the powder was
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carried out in accordance with ASTM E1941-10,%2
ASTM E1447-09,°* ASTM E1409-13,”° and ASTM
E2371-13% for C, H, O/N, and the remaining
elements, respectively. Similarly to the previous
study by Gaytan et al.,*” chemical analysis by
Petrovic et al. revealed negligible change in V
concentration but a decrease in Al content with
consecutive builds, and remaining chemically
within the limits for the AMS 4911R SAE standard.
The starting O concentration of 0.14 wt% increased
over the 0.20 wt% AMS 4911N limit after 11 builds
(10 powder reuses). The PSD remained in the 45 ym
to 110 um range throughout the builds, and there
were no significant morphological differences in the
reused powder or microstructural differences in the
as-built state visible via scanning electron micro-
scopy. Tensile tests were carried out on samples
manufactured in both the horizontal and vertical
build directions, where it was noticed that the
horizontally built specimens had lower residual
strain likely due to the grain orientation from the
build direction. The authors note that elongation
remained in compliance with the AMS 4911N
standard. Petrovic et al. concluded that the estab-
lished maximum level of reusability in their study
was 12 powder reuses, with the limiting chemical
change remaining within the standard wt% O. The
authors also noted that this study served as a worst-
case scenario, as no fresh powder was introduced at
any point. Adding fresh powder will lead to better
results in reusability.*’

The work by Strondl et al. focused on the char-
acterization and handling of Ti-6Al-4V powder used
in EB-PBF as well as a Ni-alloy powder used for L-
PBF.?° The goal of the investigation was to under-
stand the effects of handling and reuse of the
powder on the PSPP relationships in the AM
material. The virgin and reused powders from both
the EB-PBF and L-PBF processes were evaluated
with respect to particle size and morphology via
dynamic image analysis, while flow performance

was evaluated with a powder rheometer. The reuse
procedure for the EB-PBF Ti-6Al-4V powder fol-
lowed the Arcam standard procedure (Process D).
The machine models or melting parameters were
not described. The reuse process for the Ni-alloy
powder used in L-PBF only involved sieving the
powder after the machine use. Chemical analysis
was not performed on the EB-PBF Ti-6Al-4V pow-
der. The authors noted that the reused Ti-6Al-4V
powder displayed lower flowability, likely due to the
coarseness of the reused particles from the blasting
process in the PRS.%°

In the 2015 study by Tang et al., the effect of
powder reuse was explicitly studied to investigate
the changes in powder composition, particle size
distribution, density, flowability, and morphology.%”
Tensile specimens were manufactured in order to
correlate the effects of powder reuse with the
mechanical properties of the AM parts. The EB-
PBF process carried out by Tang et al. involved the
use of an Arcam EBM A2 system with beam spot
size of 100 pm, layer thickness of 50 pm, and
preheating conditions of beam current of 30 mA,
scanning speed of 1-1.3 x 10* mm/s, and preheat
temperature of 730 °C. Layer melting conditions
were such that beam current was 20 mA and
scanning speed was 4,500 mm/s. The powder used
was contained in two 45-kg containers containing a
total of 90 kg of Grade 23 Ti-6Al-4V provided by
Arcam. The powder capacity of the system enabled
21 powder reuses without introducing any virgin
powder (Process A). The AM machine contained a
stainless steel substrate that was preheated to 730
° C via electron beam scanning prior to the raking of
the first Ti-6Al-4V layer. The authors noted that
each layer of powder was preheated to 730 °C, and
that the overall temperature of the powder bed never
dropped below 550 ° C. The reuse process involved
blasting the sintered powder off the as-built part in
the Arcam Powder Recovery System (PRS), which
was mixed with the remaining powder in the PRS

Table VI. List of reuse processes used in L-PBF

Method Machine Reuses # O (Wt%) O (Wt%) Ref.
A - 12 — - 73
A - 5 0.13 0.13 74
A Renishaw AM250 38 0.084 0.12 75
C DMLS 11 (A) + 14 (B) 0.11 0.11 76
A Concept Laser 10 0.079 0.13 76
A - 31 0.09 0.11 77
A EOS M290 15 0.10 0.12 85
B EOS M290 100 - - 86
A SLM Solutions 280 11 0.083 0.08 87
A EOS M290 8 0.125 0.125% 88

#0xygen content of as-built material.




followed by sieving through an 80-mesh (177 pum).
Sampling of the powder were taken in accordance
with the ASTM B215 powder sampling standard,®”
and powder characterization was performed via
atomic emission plasma spectrometry in accordance
with ASTM E2371-1356 for the metallic elements and
inert gas fusion for oxides in accordance with ISO
22963:2008.5® With increased reuse, the PSD became
narrower while the morphology of the particles
became coarser and less spherical. The powder also
had increased flowability. There was a noticeable
decrease in Al content from the powder to the as-built
part after 21 reuses, with Al content decreasing from
6.35 wt% Al in the powder to 5.93 wt% in the as-built
part by the 21st reuse. The concentration of V on the
other hand remained relatively unchanged after 21
reuses similar to the previous studies, with a powder
to as-built part V content decrease of 0.07 wt%. The
authors found that oxygen content had increased
over 21 builds from 0.08 wt% O to 0.19 wt% O. This
resulted in increased yield and ultimate tensile
strengths of the as-built Ti-6Al1-4V due the increased
oxide strengthening, shown in Fig. 4, with minimal
changes in elongation. Tang et al. suggest that the
increasing oxidation of the powder occurs when the
powder is exposed to air and allowed to retain
moisture during the powder reuse recovery stages
for reuse. Tang et al. also observed less spherical
powder morphology, increased flowability, and a
narrower PSD of the reused powder, but consistent
tensile properties from builds of various locations on
the powder bed (Fig. 5).27

A powder reuse study by Nandwana et al. in 2016
investigated Inconel 718 and Ti-6Al-4V powders
used in EB-PBF in order to elucidate the factors
that determine powder reuse since their was a lack
of a standard approach to powder reusability®® The
experiments were carried out using an Arcam A2
system with feedstock powder size distribution
ranging from 45 - 105 um for six builds of Inconel
718 and five builds of Ti-6Al-4V. The builds were
conducted with precise amounts of powder such that
by the end of the build there would be no powder left
in the hoppers. The reuse process therefore con-
sisted of combining the powder from the build
chamber with that of the PRS to be sieved and
reintroduced into the hoppers (Process A). The
vibratory sieve used a 100 mesh (150 um) screen.
Prior to each build, the powder was sampled for
chemical analysis. Chemical analysis for the Ti-6Al-
4V was performed in accordance with ASTM E1409-
13°° for O/N, ASTM E1941-10°° for C, ASTM 1447-
09°* for H, and ASTM E2371-13°C for the remaining
elements in the Ti-6Al-4V powder. The Ti-6Al-4V
powders saw 175 hours of build time. The authors
reported significant metallization of the Arcam A2
heat shields with deposits from the high vapor
pressure from the Al in Ti-6Al-4V. The Ti-6Al-4V
saw significant oxygen pickup, which ranged from
0.138 wt% to 0.182 wt% in the powder and 0.141
wt% to 0.168 wt% in the build after five builds. The
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authors remark that the governing factors for
powder reuse stem from initial powder chemistry
and the alloy system itself.>®

A different approach for investigating increased
oxygen content as a function of powder reuse was
carried out by Grell et al. in 2017, where the Ti-6Al-
4V powder was artificially oxidized to simulate the
oxygen uptick from powder reuse in order to study
the effects on impact toughness.?® Building on the
work from Tang et al.,”’ Grell et al. sought to
investigate the effects of powder oxidation on the
impact toughness of Ti-6Al-4V builds at oxygen
concentrations significantly higher than the ASTM
F2924-14 0.2 wt% O limit for Grade 5 Ti-6Al-4V use
in powder bed fusion processes.>® The artificially
oxidized powders were achieved by means of com-
bining low wt% oxygen powder with highly oxidized
powder by determining the desired average wt%
oxygen via the rule of mixtures. The highly oxidized
powder was achieved by subjecting an already 5x
reused Ti-6Al-4V powder containing 0.16 wt% O to
650 °C in for 4 h in air. This process increased the
oxygen concentration of the powder to 4.1 wt% O,
referred to in this review as Powder E. The powder
used for these experiments was plasma atomized Ti-
6Al1-4V, and the feedstock for the builds resulting
from the mixtures consisted of:

e Powder A (0.110 wt% O): 100% virgin

e Powder B (0.142 wt% O): 100% 5x reused
Powder A

e Powder C (0.340 wt% O): 96.5% Powder B + 3.5%
Powder E

e Powder D (0.525 wt% O): 88.8% Powder B +
11.2% Powder E

e Powder E (4.1 wt% O): 100% artificially oxidized
in air for 650 °C/4 h

The Charpy specimens were manufactured on sepa-
rate Arcam A2 and A2X systems with standard
Arcam recommended settings with 0.05 mm slice
thickness. Hot isostatic pressing (HIP) was carried
out on half of the samples for comparison between as-
built and HIPed impact energies, with conditions of
100 MPa, 954 °C, and 3 h under inert conditions,
followed by cooling below 425 ° C. The specimens
were machined into "Type A’ Charpy V-notch samples
in accordance with ASTM E23-16b%" (now super-
seded by ASTM E23-18,°! where Type A nomencla-
ture has since been replaced by ’V-notch’). The
powders were analyzed for oxygen content usin
inert gas fusion as prescribed in ASTM E1409-13,
while the builds were also analgzed viaASTM E1941-
10°* for C, ASTM E1447-09°* for H, and ASTM
E2371-13% for the remaining elements. It was found
that with increasing oxygen content, the Charpy
impact energy decreased from ~ 20 J-50J 3 J to 5 J as
the wt% O of the powder increased from 0.11 wt% to
0.53 wt%. The authors also found that HIP post-
processing increased the impact energy of the sam-
ples containing up to 0.3 wt% 0.%6

A study of reused EB-PBF Ti-6Al-4V powder
microstructure, crystallography, and nanohardness
was carried out by Wei et al. in 2018 to address the
changes in the powder due to the complex thermal
histories of the particles from the EB-PBF process.®?
The authors carried out the study on an Arcam
Q10plus EBM machine with plasma atomized pow-
der received from Arcam. The build process included
producing concave acetabulum cups using the same
machine settings for all of the builds. The powder
handling process began with 80 kg of virgin powder
in the machine hoppers. The builds were carried out
such that each build would approximately consume
10 kg of powder. After each build, 200 g of non-
sintered powder was collected from the same loca-
tion on the build table. The remaining 70 kg of
powder was sieved and mixed with 10 kg of virgin
powder, which then it was introduced back into the
hoppers such that the leftover 70 kg was increased
back to 80 kg for the next build (Process B). The O
and N content was measured in accordance with
ISO 22963:2008°® whereas Al and V were measured
in accordance with ASTM E2371-13.°® Microstruc-
tural analysis of the virgin powder revealed pri-
marily o and o phases. The authors note that after
1 reuse, the p phase became visible. Near-equiaxed
prior B grains were observed after the 4th powder
reuse, and after 5 reuses the authors observed the o
phase boundaries disappear from the microstruc-
ture. After 6 reuses the microstructure transformed
to lamellar o + B, followed by lamellar colonies and
Widmanstatten structures after the 7th reuse. The
X-ray diffraction analysis revealed a narrowing of
the hexagonal peaks after reuse. The oxygen con-
tent of the virgin powder was measured to be 0.12
wt% O, which rose to 0.15 wt% O after 4 reuses, and
remained stable at 0.15 wt% O up to 7 reuses. The
authors concluded that with increased powder
reuse, the non-equilibrium o converts to equilib-
rium o + B. The nanohardness and Young’s modulus
obtained from the nanoindentation experiment
were observed to increase over powder reuse times,
and tensile properties of the as-built bulk samples
were similar to the parts fabricated from virgin
powder.%?

A 2018 study was conducted by Sun et al. in order
to compare virgin Ti-6Al-4V powder feedstock dif-
ferences in particle size distribution, microstruc-
ture, chemistry, surface morphology, flow
characteristics, and packing density.®> Two gas
atomized Grade 5 Ti-6Al-4V from two different
vendors and one plasma atomized Grade 5 powder
sample from a third vendor were provided along
with a Grade C powder provided by a 4th vendor
(authors note that ‘Grade C’ is an outdated nomen-
clature, equivalent to Grade 5). Gas atomized Grade
23 Ti-6Al-4V powders were provided by an addi-
tional two vendors, bringing the total to 6 indepen-
dent commercial vendors for the powder feedstock
investigation. All of the powder examined in the
study complied with the ASTM F2924-14 standard



for PBF AM processes.>® There were noted differ-
ences in the particle size distribution, with smaller
PSD visible in the Grade 23 powders. The plasma
atomized Grade 5 Ti-6Al-4V powders were shown to
exhibit the smoothest particle surface, while the
remaining powders contained attached satellite
particles. All of the powders were shown by XRD
to have HCP crystal structure and SEM analysis
revealed martensitic o’ acicular microstructure

A complimentary powder reuse study of EB-PBF
Ti-6Al-4V was also conducted by Sun et al. in 2018
with specific emphasis on the oxygen distribution as
a function of powder microstructure and morphol-
ogy.%* The 30 builds for this experiment were
conducted with an Arcam A2X machine using Grade
5 Ti-6Al-4V in order to compare and contrast the
effects of reused powder with respect to how oxygen
affects the Ti-6Al-4V powder on a microstructural
level. Sun et al. used the Arcam PRS to recover the
sintered powder, according to Process A, and noted
that the powder was not traced to exact locations in
the build chamber and therefore represented a
mixture of sintered and surrounding powder from
various builds. The powder bed was preheated to
600 °C with a partial vacuum of He
~ 4 x 10~2 mbar. The virgin and reused Ti-6Al-4V
powder were characterized via a LECO ONH 836
machine in accordance with ASTM E1409-13,5°
X-ray diffraction, scanning electron, and scanning
transmission electron microscopy. The authors
noted that at low magnification, there were little
to no visible morphological differences between the
virgin and reused powders. However, at higher
magnifications the surfaces of the reused powder
were coarse, irregular, and exhibited ‘crater-like’
indentations; of which Sun et al. suggested might be
a result from plastic deformation occurring during
the powder reuse process. XRD analysis revealed
sharper peaks for the o phase in the reused powder,
indicated by the authors as a result of the elimina-
tion of crystal defects and coarsening of the o phase
of the reused powder. The authors indicate that via
use of the prescribed Arcam reuse procedure, the
average oxygen concentration increases from 0.15
wt% to 0.205 wt% O. However, the oxygen increase
is not a gradual accumulation of the oxide surface
layer. It was observed that the martensitic o
microstructure of the virgin powder converts to an
o + B microstructure, of which oxygen incorporates
preferentially into the p phase.®® The authors noted
that the distribution of highly oxidized particles in a
reused powder batch is substantially inhomoge-
neous, with significant local particle variations
revealed in the microstructural analysis, which
the authors suggest might potentially impact the
fatigue behavior of AM produced parts. Sun et al.
conclude that the reused powders ultimately have a
narrower PSD and coarser morphology than virgin
powder and that the microstructures of reused
powder particles range from the metastable o to
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equilibrium o + B, with excess oxygen of the powder
batches being accumulated in the p phase.®*

A study by Popov et al. was carried out to
investigate the effects of powder reuse on the
microstructure and mechanical properties of as-
built and HIPed Ti-6Al-4V samples (Fig. 5).2° The
aims of their experiments were to identify a rea-
sonable number of powder reuses, what were the
requirements for a successful reuse procedure, and
what are effective post-processing procedures for
good mechanical properties. The samples were
additively manufactured using Grade 23 powder
supplied by Arcam on an Arcam A2X machine. The
melting was carried out under vacuum less than
1.5 x 1074 mbar. The virgin powder oxygen concen-
tration was measured to be 0.124 wt% O. Powder
reuse was carried out in accordance with the
recommended reuse procedure by Arcam (Process
D). The concentration of oxygen increased to 0.132
wt% O after 11 reuses, 0.167 wt% O after 26 reuses,
and 0.324 wt% O after 69 reuses. The mechanical
and fatigue testing were conducted on the as-built
and HIPed specimens built from the powder batch
that was reused 69 times. Microstructural charac-
terization revealed no apparent differences in the
as-built and HIPed microstructures from virgin and
reused powder. However, the authors noted that
during mechanical testing, elongation and reduc-
tion in area of the material built from reused
powder was significantly lower than in the material
built from a virgin powder batch. The authors
demonstrated that HIP improved the fatigue
strength of the material even after 69 powder
reuses but still not enough to qualify for aerospace
standards. Note that these tests were done on a
reused powder that contained 0.324 wt% O, which
falls outside of the ASTM F2924-14 standard®® for
Grade 5 Ti-6Al-4V feedstock used in powder bed
fusion. Therefore caution must be taken when
inferring general trends in behavior of AM parts
built from Ti-6Al1-4V powder that has been reused,
as the aforementioned studies have shown that
there is an achievable limit of powder reuse that can
still yield mechanical properties that fall within
industry standards. A powder sintering study by
Yan et al.®® on as-sintered Ti-6Al-4V established
that there exists a critical level of oxygen content (~
0.33 wt% O) where ductility dramatically decreases
when the concentration of oxygen is greater than
0.33 wt% O. Therefore, the reduction in ductility
observed by Popov et al. is consistent with the
observations made by Yan et al.®®

Recently, work by Chandrasekar et al. concen-
trated on the effects of EB-PBF Ti-6Al-4V powder
reuse as evaluated by the process log data in-situ.%”
The work by Chandrasekar et al. focused on a data-
driven methodology to characterize the behavior of
reused powder in-situ via analysis of log file data
from the sensors in the AM machine. With the
efforts of this study focused on reducing the amount
of costly ex-situ analysis, the authors proposed
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analyzing the rake motion during the build process
to study the spreadability of the powder. The
authors utilized the process log data collected from
the earlier powder reuse experiments of Inconel 718
and Ti-6Al-4V by Nandwana et al. in 2016°° which
were carried out on an Arcam A2 EBM machine. For
the Inconel 718 powder, it was discovered that
powder reuse led to increased rake passes after the
third build, of which the authors believe is due to
the sintering kinetics causing powder agglomera-
tion. Analysis of the Ti-6A1-4V build process log data
showed virtually no correlation between re-raking
and reuse times, which is in contrast to what was
observed for the Inconel 718 powder. The authors
attribute this difference in re-raking to the differ-
ences in sintering kinetics for each of the alloys, as
it was calculated that the Ti-6Al-4V powder sinters
twice as fast per layer than the Inconel 718 pow-
ders, leading to large Ti-6Al-4V particle agglomer-
ation that subsequently gets sieved out during reuse
process prior to the next build. Chandrasekar et al.
also pointed out that the first build of the Ti-6Al-4V
powder has significantly lower re-raking than sub-
sequent builds, which they propose is attributable to
oxidation during the build process and moisture
pickup during the powder reuse steps.®”

A study of the oxide surface of reused Ti-6Al-4V
powder via X-ray photoelectron spectroscopy (XPS)
was conducted by Cao et al. in order to characterize
the surface morphology and oxide thickness result-
ing from powder reuse.®® Commercial plasma
atomized Ti-6Al-4V powder was used in an Arcam
Q10plus system and was sieved and put back into
the hoppers for subsequent use without the addition
of virgin powder (Process A). The layer preheating
conditions were approximately 600 ° C-750 ° C. The
oxide thickness of the surface via XPS was mea-
sured to be 6.5 nm for the virgin powder, followed by
7.35 nm and 7.54 nm for the 5th and 10th reuses,
respectively. Auger electron microscopy was used to
investigate powder surface chemistry where the
authors noted that Al-content was overall decreased
due to Al evaporation. However, there were local-
ized regions of the powder with Al-enrichment due
to the high Al affinity for oxidation. The authors
also stated that there were local variations in oxide
thickness and chemistry on individual powder par-
ticles from the reuse process.®®

Another study of EB-PBF Ti-6Al-4V by Shanbhag
et al. in 2020 detailed the effects of powder reuse on
particle size, flow, and rheometric properties.®® The
authors, using an Arcam A2X machine, compared
four Grade 5 Ti-6Al-4V powder conditions consisting
of virgin powder, powder that was reused once,
twice, and an equally blended powder from the 1st
and 2nd reuse batches. The reuse process consisted
of using the Arcam PRS and a vacuum cleaner to
retrieve unused powder from the AM chamber,
followed by sieving with a mesh size of 105 um and
then reintroduction into the powder hoppers. Using
the terminology introduced by Popov et al.,? the

authors categorize ‘clip-clap’, broken, shattered,
agglomerated, satellite, deformed, and elongated
particle defects in the reused powder. The authors
noted satellites present in the virgin powder, which
were significantly less frequent after the first reuse.
There was a narrower PSD after the 1st reuse which
broadened again after the 2nd with a general
decrease in particle sphericity. The authors noted
a decrease in flowability, attributed to a reduction in
spherical particles and the introduction of defects
and irregularities from the reuse process.®’

Three articles stemming from the same 30 builds
of reused Ti-6Al-4V powder were recently published
that detail the oxygen content and effects on
mechanical properties of the built parts,’® fracto-
graphic features of the parts built with the reused
powder,”" and the general powder morphology and
part microstructure of EB-PBF Ti-6Al1-4V built from
the reused powder over the 30 builds.”> The 30
builds consisted of Grade 5 Ti-6Al-4V used in an
Arcam A2X EBM machine. The reuse process
consisted of using the PRS to blast away the
sintered powder, where it was then collected and
mixed with the remaining powder in the hoppers
before it was sieved and reintroduced into the
hoppers for the next build. This is in contrast to
the recommended Arcam powder reuse process,
which calls for the introduction of virgin powder in
between each build. As a control, virgin powder was
put through the PRS system for 30 h to simulate the
mechanical deformation of the powder from the
process without varying the thermal history like the
powders that are exposed to the beam inside the AM
chamber. For each of the 30 builds, the authors
developed standardized test specimen geometries
for the builds that consisted of 40 cm? of metal that
included 0.6 cm?® of support metal. The total volume
of the powder in the build chamber was noted by the
authors to be 2966 cm?® that was based on the total
build height of 104 mm. The build chamber pre-
heating was set to the default machine preheat
temperature of 650 °C. The build time for all 30
builds was 480 h. The machine settings included a
beam speed of 4530 mms/s at a current setting of 15
mA (max current 20 mA). X-Ray fluorescence was
used for chemical analysis of the Ti, Al, V, Fe,and Y
whereas inert gas fusion using a LECO Model 836
was carried out for O, N, and H analysis. Ghods
et al. noted decreased sphericity in powder mor-
phology after four powder reuses, as well as an
elimination of the smaller particles. The surface
deformation of the powder particles increased as a
function of reuse and irregular morphologies
became more frequent such as appearance of frac-
tured, fused, and recast particles with increased
powder reuse. The authors describe small chemical
changes in the V and Al content of the Grade 5
powder, such that V content change was observe to
be negligible while the Al content rose by 0.03 wt%
Al over the 30 builds. There was also a noted



increase in Fe content from 0.21 to 0.29 wt% Fe. The
concentrations of H and N remained constant and
within the limits for the ASTM F2924 standard.?®
Ghods et al. observed a linear increase in O content
as a function of reuse times similarly to the
previously described powder reuse studies. The
initial oxygen concentration of the virgin powder
was measured to be 0.142 wt% O, which crept up to
0.189 wt%, 0.269 wt%, and 0.356 wt% O after 10, 20,
and 30 builds, respectively. The bimodal particle
size distribution of the virgin powder transitioned to
a Gaussian distribution with powder reuse.”” With
increasing reuse and powder oxidation, the as-built
parts in both horizontal and vertical build directions
saw increases in yield and ultimate tensile
strengths while showing a decrease in elongation.”*
Fractography of the as-built parts from the Ghods
et al. study revealed that failure occurred at the
surface of all as-built specimens as well as microvoid
coalescence in all of the fracture surfaces regardless
of reuse times.”" Schur et al. highlight that failure
of the horizontal specimens occurred at the last
printed surface, which they attribute to the likeli-
hood of a finer surface microstructure of the surface.
The appearance of fracture flutes were observed in
all builds after the 12th build, which the authors
attribute to a reduction in slip of the o phases due to
the increased oxygen content with powder reuse.”’
An evaluation of the powder particles resulting from
each of the reuse times revealed that the complex
thermal histories present in the powder from the
EB-PBF process results in increased coarsening of
the powder as well as surface hardening due to
contamination from oxidation and other sources.
Mechanical deformation of the powder resulted in
work hardening, however the Montelione et al.
study suggest that this was not a significant factor
in powder reuse other than that changes in powder
morphology will affect flowability and spreadability
of the powder during the EB-PBF process.”®

Laser Powder Bed Fusion

Similar to the EB-PBF reusability studies, there
were few studies pertaining to the reuse of Ti-6Al-
4V powder for L-PBF only until recently. One of the
first studies focusing on the reuse of Ti-6Al-4V
powder used in L-PBF was a 2012 study conducted
by Seyda et al. where the authors had suspected
that, through reuse, changes in the Ti-6Al-4V
powder were taking place similarly to what was
being observed in steels.”® The authors used com-
mercially available gas atomized Ti-6Al-4V powder
with particle size D90 (50 um), but do not note
whether Grade 5 or Grade 23. Their setup consisted
of a 200-W fiber laser with ‘standard exposure
parameters’ and layer thickness of 30 pm. The
powder was used in 12 builds over several months,
where the reuse procedure consisted of sieving with
an 80- ym mesh and reintroduction back into the
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production cycle. As-built test specimens were built
in cube shape for measurement of density, porosity,
hardness, and surface finish, whereas tensile bars
were built to study mechanical properties. The
authors note that no post-processing was performed
on the as-built samples. Seyda et al. observed that
powder reuse leads to powder coarsening and
increased flowability (qualitatively, by imaging
heaps of powder) and particle size distribution, as
well as increased density in the as-built parts when
compared to those built with virgin powder.”®

A 2015 study by O’Leary et al., a collaboration
between Cardiff University and Renishaw, investi-
gated the reuse of Ti-6Al-4V powder in order to
establish a research methodology’* for reused Ti-
6Al-4V powder and to understand the relationship
between reused powder and finished part proper-
ties. The aim of their work was to demonstrate that
the process can produce Ti-6Al-4V parts via L-PBF
that are up to industrial standards. The L-PBF
process used 40 kg of virgin Grade 23 powder over 5
identical builds such that the entire batch would be
consumed over the 5 builds. After the builds were
complete, the remaining powder was swept into
overflow containers for sieving before being intro-
duced back into the feed regions. The processing
conditions consisted of 200-W laser power for the
volume area and borders with an exposure time of
65 us and 35 us, respectively. Through the reuse
process, the authors observed an increase in PSD
with a reduction of fine particles, as well as surface
roughening and reduced sphericity. The LECO
chemical analysis revealed the oxygen content of
the virgin powder to be very close to the 0.13 wt% O
Grade 23 limit, which fluctuated slightly across
builds 2—4, finally resulting in the same 0.13 wt% O
after the 5th build. Consequently, the oxygen
content of the as-built part decreased steadily across
the builds, initially being over the 0.20 wt% O limit
of Grade 5 Ti-6Al-4V to being approximately 0.19
wt% 0.7

A 2016 white paper by Renishaw details the
effects of Grade 23 Ti-6Al-4V reuse on chemistry,
flow, densitgf, and PSD in their AM250 system over
38 builds.”” The 38 builds of standard volume
250 mm x 250 mm x 300 mm were built with layer
thicknesses of 20 um to 100 um with a 200-W laser.
The chamber was purged and back-filled with Ar in
a process that required 600 L of Ar. The builds were
carried out with the same reused powder without
the introduction of any virgin powder, so that the
powder was mostly consumed throughout all the
builds. The reuse process consisted of introducing
powder into the chamber feed region. Then, recov-
ered powder from the powder-bed was collected into
overflow bottles retaining the inert Ar atmosphere
of the chamber, sieved, and reintroduced into the
top of the feed region without coming into contact
with air. The reused powder sampling was carried
out in situ by means of printing a hollow powder
capture capsule during the build process, which was
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Fig. 6. Oxidation rates from the Ti-6Al-4V powder reuse studies
related to EB-PBF AM. Plot colors of blue, red, and green pertain to
Process A, Process B, and Process D, respectively (Color
figure online).

then closed off as the build reached an appropriate
height which was designed to be the same height as
the tensile bars that were built. The PSD was
measured via wet laser diffraction to obtain the
D10, D50, and D90 values of the powder, which
stayed relatively the same over the 38 builds, with a
small narrowing of the PSD over the builds. The
Hall flow speed increased due to powder reuse,
which was correlated with the slight increase in
D50 values; however, it was noted that this did not
significantly affect build parameters or layer
spreading. Oxygen increased to the upper Grade
23 limit of 0.13 wt% O after 16 builds, and fluctu-
ated slightly above and below this limit for the
remaining builds, up to 38. Nitrogen content also
increased throughout the powder reuse, but at a
much slower rate to 0.03 wt% after 36 reuses.
Tensile specimens were tested across the builds,
with an increase of 100 MPa in UTS from virgin to
the 38th powder reuse, attributed to the increase in
oxygen and nitrogen content. The UTS of the
machined specimens compared to the as-built spec-
imens were also approximately 100 MPa higher,
which the author suggests could be effects from the
rough surface finish of the as-built samples leading
to more crack initiation sites or from error in the
cross-sectional measurement due to the rough sur-
face finish.”®

A 2017 study by Thejane et al. investigated the
effects of Grade 23 Ti-6Al1-4V powder reuse on two
different L-PBF machines.”® The experiments con-
sisted of 25 powder reuses on a direct metal laser
sintering (DMLS) system and 10 reuses on a concept
laser system. The powder used in the DMLS
machine showed poor flowability, so was first dried
at 80 ° C for 5 h, followed by sieving prior to the first
build. The powder was then reused 10 times, after
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Fig. 7. Oxidation rates from the Ti-6Al-4V powder reuse studies
related to EB-PBF AM. Plot colors of blue and black pertain to
Process A and Process C, respectively (Color figure online).

which there was no longer any powder left to
complete further builds. Virgin powder was then
added on the 11th build onward to the 25th. The
reuse process for the concept laser system involved
10 builds without any introduction of virgin powder
into Process A. Thejane et al. observed that less
oxygen pickup occurs during the room-temperature
operation of the L-PBF systems when compared to
the elevated temperatures of an EB-PBF machine.

A study of tensile and fatigue performance for
gas-atomized Grade 5 and Grade 23 L-PBF Ti-6Al-
4V was conducted by Quintana et al. in order to
isolate the effect of oxygen concentration from the
difference in Ti-grades on the mechanical proper-
ties.?® The authors manufactured 46 bars from both
Grade 5 and Grade 23 powder types (measured to
contain 0.16 wt% O, and 0.11 wt% O, respectively)
and applied HIP treatment at 920 ° C at 102 MPa for
2 h to 36 of the samples. Several of the HIPed
samples were used for microstructural characteri-
zation while others were used for rotating beam
fatigue testing in both smooth and notched condi-
tions. The oxygen content was measured via inert
gas fusion for the as-built and HIPed bars built from
both grades of Ti-6Al1-4V powder. The bars built via
Grade 5 powder were measured to contain 0.162
wt% O and 0.164 wt% O, respectively. The O
content of the as-built and HIPed bars made from
Grade 23 powder was measured to be 0.118 wt% O
and 0.110 wt% O, respectively. Quintana et al.
reported that the bars built via Grade 5 Ti-6Al-4V
powder displayed greater YS and UTS in both the
as-built and HIPed conditions than the Grade 23 Ti-
6Al-4V powder, with Grade 5 specimens also show-
ing greater elongation in the HIPed condition than
the Grade 23 parts. However, opposite elongation



effects were observed in the as-built conditions,
such that the Grade 23 Ti-6Al-v showed greater
elongation than the Grade 5 specimens. The fatigue
life endurance of the HIPed specimens from Grade 5
powder was 50 MPa greater than that of those built
via the Grade 23 powder, correlated with the higher
tensile strength of the Grade 5 part. There were no
noted differences in fatigue endurance limit in the
notched condition for the HIPed bars made from
both grades of Ti-6A1-4V powder.?®

A follow-up study by Quintana et al. investigated
the effects of Grade 23 Ti-6Al-4V powder reuse on
the built part chemistry and mechanical proper-
ties.”” The authors used 100 kg of gas-atomized
Grade 23 Ti-6Al1-4V. The reuse process consisted of
transferring the powder from the build plate into an
overflow container to be sieved and reintroduced into
the feed regions without the addition of any virgin
powder. The sampling process differed slightly from
the previous studies in that powder sampling was
conducted both before the build and in situ with the
use of trap capsules. The authors carried out 31
builds, taking ‘before’ samples at 10 dispersed times
throughout (after they had been sieved from the
previous build), to correlate with the powder col-
lected via the trap capsules. These powder samples
were collected on the 4th, 6th, 8th, 11th, 15th, 17th,
19th, 23th, 27th, and 31st builds. Two additional
trap capsule samplings were carried out during the
1st and 5th builds. Tensile tests were carried out on
HIPed samples from the 1st, 4th, 17th, and 31st
builds. Oxygen/nitrogen contents were measured in
accordance with ASTM E1409,% Al/V content, as per
ASTM E2371-13.%6. Particle size distribution, flowa-
bility, and tap densit}; were measured in accordance
with ASTM B822-17,® ASTM B213-17,” and ASTM
B527-15,% respectively, the latter two having since
been superseded by ASTM B213-20%! and ASTM
B527-20.5% Tensile testing of the HIPed specimens
was in accordance with ASTM E8/E8M-16a.%® The
trap capsules saw an increase from 0.09 wt% O to the
Grade 23 limit of 0.13 wt% O after 31 builds,
whereas the samples collected before the builds
saw an increase of 0.09 wt% O to 0.11 wt% O. The
authors noted that there was generally more oxide
present in the powder collected via the trap capsules,
likely due to the proximity to the melt pool, whereas
the ‘before’ powder samples were collected from
sieved powder once the L-PBF process had been
completed. The authors recorded no noticeable dif-
ference in Al/V contents from the reused powder to
the as-built and HIPed specimens. The authors
noted that the powder PSD measured via the D85
value saw a decrease after powder reuse, while the
morphology slowly shifted towards fewer satellites
and coarser particles after 31 builds. There was an
improvement in flowability with a small decline in
tap density with increased powder reuse. The
authors observed slight increases in YS and UTS
after the 31 builds due to oxygen strengthening but
no noticeable effects on ductility.””
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The effects of powder reuse on fatigue behavior in
L-PBF Ti-6Al-4V was carried out by Carrion et al.,
where mechanical properties of parts built from
virgin powder were compared those built from
powder that had been reused 15 times.?*®5 Test
specimens were fabricated with an EOS M290 L-
PBF system using gas-atomized Grade 23 Ti-6Al-4V
powder, with the PSD ranging from 15 to 45 pm.
Machine parameters included a 280-W laser, 1200
mm/s scan speed, 100 mm stripe width, 140 pm
hatch spacing, and 30 pm layer thickness. The
reused powder was first sieved with an 80- pm mesh
before reintroduction into the feed regions. Oxygen
and nitrogen were measured using a LECO ONH-
836, in accordance with ASTM E1409-13.°° Two
material conditions were tested, as-built cylinders
(net shape) and rectangular bars that were
machined. All the test specimens were annealed at
704 ° C for 1 h in Ar for stress relief prior to testing.
The authors record an increase from 0.10 wt% O to
0.12 wt% O after 15 reuses, which showed negligible
effects on the microstructure of the as-built mate-
rial. As the PSD became narrower, the flowability of
the powder increased. There were negligible effects
on tensile strength and fatigue behavior for both
virgin and reused conditions in the as-built condi-
tion. Samples with machined surfaces had notice-
able difference in the high cycle regime, such that
the material built from reused powder had longer
fatigue lives.®”

In an effort to achieve “more consistent and
economical reycling of raw materials for PBF pro-
cessing”, Denti et al. proposed a new ‘average usage
time’ (AUT) parameter that incorporates usage time
of the powder as well as virgin-to-used powder
mixing ratio during L-PBF of Ti-6A1-4V alloy.®® The
aim of this parameter is to incorporate the different
types of jobs that require different build times as a
function of geometric shape, as well as the varying
levels of virgin powder added to the batch for a
subsequent build. For the experiments, the reuse
procedure consisted of initially filling the powder
feed region to capacity. At the end of each build, all
of the powder was mixed and sieved with an 80-um
mesh in inert gas. If the reused powder was
determined to be appropriate in volume for the next
build, then no virgin powder was added. If there was
an insufficient amount of powder to complete the
following build, then virgin powder was added. For
the experiment, the powder reuse process was
carried out 100 times, which corresponds to an
AUT of 1750 h (the details of the calculation that
combines job time with a modified rule of mixtures
can be found in Ref. 86). The machine parameters
for the builds followed standard process parameters
for the EOS M290 machine (laserpower = 280 W,
Scanspeed = 1200 mm/s; layer thickness 30 pm;
hatchspacing = 140 ym.) The authors did not
observe any increased oxidation on the finished
parts, which may have been due to continual
additions of virgin powder to the reused powder.
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Similar to the previous studies, a narrower PSD led
to better flowability of the powder. The authors
concluded that YS and UTS remained
stable throughout the reuse process up to an AUT
of 1750 h.%°

The effect of powder reuse on gas-atomized
Inconel 718, Scalmalloy (Al, Mg, Sc), Al-Si-10Mg,
and Ti-6Al-4V powders were characterized in order
to determine the effects of the reuse procedures on
these four specific powders.®” The experiments were
carried out on an SLM Solutions 280. The Ti-6Al-4V
was reused 11 times without the addition of any
virgin powder. The oxygen content was measured
both by LECO and EDX, with LECO values showing
slight decreases in oxygen concentration due to
reuse for Ti-6Al1-4V. The Ti-6Al-4V PSD remained
relatively stable in size with increased flowability.
The authors conclude their study detailing a flow
chart for the feasibility of powder reusability.®”

A recent study by Alamos et al. investigated the
mechanical response as affected by powder reuse
paired with process optimization of build parame-
ters using a factorial design of experiments.®® The
powder was cycled through eight builds, and was
recovered and sieved with a 63-um mesh. There was
no blending of reused and virgin powders. The
authors concluded that no noticeable changes in
mechanical properties were observed after the eight
reuses other than a small increase in oxygen
content in the as-built material (0.125 wt%
O — 0.140 wt.% 0).%®

DISCUSSION AND SUMMARY
Thermodynamics and Oxidation Kinetics of Ti

This section briefly discusses the current under-
standing of titanium oxidation thermodynamics and
kinetics, which will provide specific scientific con-
text to the following sections assessing the potential
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Fig. 8. Ellingham diagram for Ti, Al, and V. Adapted from Ref. 89.

for oxidation rate across multiple AM builds to be
affected by variations in the powder reuse methods.

Titanium alloys will form a stable oxide layer at
room temperature and are notoriously prone to
faster rates of oxidation at higher temperatures.
Therefore, processing Ti requires a highly inert
gaseous environment to maintain purity, namely
free of oxygen contaminants. An Ellingham dia-
gram, adapted from Ref. 89, is presented in Fig. 8 to
highlight the partial oxygen pressures for equilib-
rium oxide production for Al, Ti, and V. In short, Al
reduces Ti, which reduces V. The free energy for
Al;O3 production is lower than that for TiO,
production. However, in Ti-6Al-4V, the majority of
the total oxidation that occurs is due to the presence
of Ti, simply because of the larger mass fraction of
Ti to Al in Ti-6Al-4V. Metallurgical processes with
reactive metals will often employ gas purification
that utilizes Ti as a getterin§ media to scrub the
cover gas of impurities.”®®® For example, the
equilibrium partial pressure of Og for the Ti 4+ Og =
TiOg reaction at the melting point of Ti is =
10716 atm (~ 107!3 mbar). Therefore, any partial
pressure of Oy >10716 atm will cause Ti to oxidize
and form TiOs. Partial pressures of Oy <1016 will
lead to TiOy decomposition into pure Ti and Og at
the melting temperature of Ti. At temperatures
higher than the melting point of Ti, which is often
the case with PBF processes, the melting and
boiling points of TiO; (1843 °C and 2972 °C,
respectively) may be surpassed. These tempera-
tures have the potential to result in liquid TiO; slag
that may be pushed around and/or away from the
melt pool, potentially to regions of unmelted powder
and should be taken into consideration when crit-
ically assessing powder reuse.

Early high-temperature oxidation studies of Ti
demonstrated that oxidation at pressures above ~
1073 mbar and below 1300 °C mainly produced
rutile, TiOq, while pressures lower than 10~ mbar
and higher than 1300 °C saw the production of
Ti20, TiO, Tiz Os, and TizO5 as well as TiOp.”*
Recent studies of the oxidation kinetics in commer-
cially pure Ti in air demonstrate that the anatase
form of TiOg was produced on the surface from 276 —
457 ° C, with mixed anatase and rutile phases up to
718 ° C, followed by only rutile TiOs above 718 ° C.%°
The oxidation of Ti at high temperatures is mea-
sured to be generally parabolic,”®™® consisting of
two contributing factors: formation of the rutile
TiOg scale and oxygen diffusion into the bulk o-Ti.
Comparative studies of Ti and Ti-6Al-4V in gaseous
water vapor environments showed similar parabolic
oxidation rates for both Ti and Ti-6A1-4V.?? The
activation energy of oxidation of Ti-6Al-4V is also
comparable to pure Ti.'°° Motte et al. pointed out,
however, that oxidation in HoO vs. Oy are funda-
mentally different, such that the kinetic curves from
the oxidation in pure Oy showed many stages rather
than the parabolic behavior seen in HyO gas over
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and H,O. Digitized and replotted from Ref. 101.

the same temperature ranges. Wouters et al. sug-
gested that, in an HsO environment, oxidation
preferentially takes place via substitutional hydrox-
ide ion transport through the TiOy surface scale.
This thereby leads to higher oxidation rates in a
water vapor environment as opposed to pure Og,
which is shown in Fig. 9, where the oxidation rate
plot has been digitized and adapted from Ref. 101.
These results indicate not only Oy but also HyO
partial pressures contribute significantly to the
oxidation of titanium. This understanding is impor-
tant as both of these forms of oxygen may be
contributing to PBF titanium powder oxidation, as
discussed in section Additive Manufacturing of
Titanium

Powder Oxidation and Chemistry Changes

The oxidation rates observed for both EB-PBF
and L-PBF are drawn to the same scale in Fig. 10,
in which the oxidation plots appear to show no
direct correlations between the reuse methods used
and powder oxygen content increase. This could be
due to a number of reasons, and differences in each
experiment, such as build volume, preheat/back-
ground/local temperatures, beam exposure time,
and differences in powder reuse methods, at a level
of detail not commonly reported in the literature.
Thus, the authors recommend researchers report
the following details in their powder reuse studies to
enable a greater understanding of the oxidation and
oxidation rates that occur in PBF Ti-6Al-4V:

e Virgin powder batch details: e.g., powder man-
ufacturing type (plasma atomized vs. gas ato-
mized), particle morphology (spherical vs.
irregular), average particle size, powder size
distribution, virgin powder full chemistry and
comparison to pertinent material specification

e PBF process details: e.g., machine manufac-
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Fig. 10. Oxidation pick-up rates from the Ti-6Al-4V powder reuse
studies related to both EB-PBF and L-PBF, adjusted to show equal
axes. Plot colors of blue, red, black, and green pertain to Process A,
Process B, Process C, and Process D, respectively (Color
figure online).

turer/model, software version, melt parameters,
layer thickness

e Preheat/background/local temperatures

e Type of inert gas used, bottle purity, and flow
rates

e Heat-up/beam-on/cool-down times

e Relative humidity in the laboratory environment
Total build volume/total mass of solid parts/total
surface area of solid parts

e Mass of unmelted powder in build area, mass of
powder remaining in hoppers/feed regions, and
mass of virgin powder added after each build

e Powder characterization technique details,
including any standards followed

e Powder sampling procedure: When during the
process were powder samples taken? Where
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exactly were powder samples taken? What mass
of powder was taken/tested for each sample?
What equipment was used to take samples and
ensure they are representative of the entire
batch of powder (e.g., riffler, thief)? If any
standard sampling methods were used? If the
standard leaves room for variation it is impor-
tant to provide more detail as to the specific
protocol used. If sampled from the powder bed,
where and how it was sampled. There is a
potential for significant changes in powder
characteristics depending on proximity to melted
parts.m2

e Powder reuse method - Was virgin powder ever
added to non-virgin powder? If yes, with what
frequency and mass was virgin powder added?
Was powder from the build area, virgin, and
hopper/feed region powder ever mixed? If yes,
how frequently did this mixing occur, what
mixing technique was used (e.g., by hand, mix-
ing by sieving, drum mixer with paddle inserts,
v-mixer), and how long was mixing performed
(including any mixing machine settings)?

From Fig. 10, it is clear that the high processing
background temperature for EB-PBF of Ti-6Al-4V
leads to a faster oxidation rate of the powder, as EB-
PBF oxidation rates appear higher compared to L-
PBF rates overall. This does not come as a surprise,
as the temperature and pressures for TiOy produc-
tion from the Ellingham diagram in Fig. 8 demon-
strate that the preheat temperatures used in EB-
PBF are in a range for TiOy production with very
minimal oxygen partial pressure needed. This does
not indicate that one process is better than the
other, but rather that, when a high background
temperature is used, there will be a greater likeli-
hood for reactive metal powders to oxidize. For
example, the Svensson study from 2009 showed
drastic swings in oxidation of the powder that was
sintered compared to the much smoother oxidation
measurements from the mixed powder from all
sources.”® This illustrates a greater need for more
accurate reporting moving forward in order to
systematically characterize oxidation rates of Ti-
6Al1-4V feedstock.

The observation by Tang et al.?” that Al content
decreases significantly in powder over multiple
reuses (6.35 to 5.93 wt% over 21 reuses) has
important implications and will be discussed fur-
ther despite being outside the scope of this review
focused on oxidation effects. It is well known that Al
selectively vaporizes during EB-PBF due to the
vacuum environment and high background temper-
ature of the process, as well as the relatively low
vaporization pressure of Al. To ensure as-built EB-
PBF material conforms to material specifications
(6.75-5.5 wt%">®), powder manufacturers produce
Ti-6Al-4V powder intended for EB-PBF to have Al
content on the high end of the allowable Al content
range to accommodate the loss of Al during melting

in the EB-PBF process. The observations from Tang
et al. suggest that Al is also vaporizing from
unmelted powder in the build area that will be
resused in later builds. This phenomenon of Al loss
in powder over multiple reuses is not well known,
and may lead to Al content in as-built EB-PBF
falling below material specification allowable limits
after a certain number of powder reuses. It seems
that further investigation of this phenomenon is
warranted and may lead to factors other than
oxygen content dictating the end of the usable life
of a given EB-PBF Ti-6Al-4V batch of powder.
Nitrogen content also changes during the PBF
process, as observed by the 2016 white paper by
Renishaw,’® suggesting that more work is required
to understand the dynamics and rate of this change
in the context of material specification limits.
Nitrogen content was seen to increase in reused
powder, eventually reaching material specification
limits. Renishaw noted that it took more reuses for
nitrogen to reach allowable limits compared to
oxygen, which suggests that they feel that oxygen
is still the limiting element when considering the
usable lifetime of a powder batch. However, they
only considered the Grade 23 limit for oxygen (0.13
wt%>%). Since the Grade 5 limit for oxygen is much
higher than Grade 23 (0.20 wt%>°), and the nitrogen
limit does not change for Grades 5 and 23 (0.05
wt%>>35), it seems that further investigation is
necessary before concluding that nitrogen is not the
limiting element in determining the usable lifetime
of EB-PBF Ti-6Al1-4V batches of powder.
Ultimately, these powder reuse studies raise the
question of how accurate is the rule of mixtures
when assessing Ti-6Al-4V powder batches for oxy-
gen content; that is, could it be that small hetero-
geneous portions of powder batches play a larger
role in material properties of AM parts? Studies
across all types of powder reuse processes displayed
nonlinear oxidation rates (Fig. 10272627688 gnd
this may indicate oxygen content heterogeneity
within a batch of powder that arises from insuffi-
cient mixing, over many builds, of powder batch
subsets (i.e., virgin, build area, and hopper/feed
region powder) with dissimilar oxygen content.
Even Process D, which does not include any mixing
of build area and hopper/feed region powder, dis-
plays nonlinear oxidation rates (Fig. 10%?), possibly
indicating oxidation within a given build area is
heterogeneous. This could be in part due to insuf-
ficient mixing, given that reused powder batches
tend to be very similar in morphology and flow
characteristics save for differences in oxygen con-
tent. The combination of both virgin and reused
powder batches, whether in the form of reused
powder being refreshed with virgin powder or the
mixing of two or more reused batches, may consti-
tute a combination of both traditional blending and
random mixing. If the particle characteristics are
similar, the mixing may come down to the laws of
probability as opposed to some of the traditional
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driving forces that are present when mixing powder
batches of different particle characteristics.'®
There is also a potential for varying oxidation rates
as a function of powder size distribution, and this
remains an open area of study for AM Ti-6Al-4V.

More information and studies are needed to
elucidate the effects of high-oxygen-containing par-
ticles when mixed into powder batches with an
overall low oxygen content. Although these mix-
tures may fall within the ASTM F3001 and F2924
standards for Ti-6Al-4V powder, the chemical
extrema pertaining to the high-oxygen-containing
particles may have the potential to negatively
contribute to material performance, especially in
AM components where a high degree of precision
and geometrical complexity are required.

Potential Ways to Reduce Oxidation
Alternative Powder Reuse Flow

In order to potentially reduce the effects of oxygen
heterogeneity in powder batches resulting from the
powder reuse processes, one such process flow
inspired by a combination of those in the literature
is presented in Fig. 11. This process is very similar
to those previously described; however, this powder
reuse flow would quarantine all the build area
powder (overflow, build plate, and sintered powder
in the case of EB-PBF) for each individual build
with no reuse. The entire starting lot of powder is
consumed until the entire lot has gone through the
machine once. This would ensure that a similar
level of oxidation has occurred in the entire powder
lot. This powder would then be blended and sieved
prior to reintroduction into the process flow, thereby
becoming the new starting powder batch. This
method would reduce the highs and lows when it
comes to particles containing oxygen as a function of
the reuse process and smooth out the heterogeneous
extrema in oxidation across the entire powder
batch.

This proposed process flow may differ from what
is already in practice for many research, govern-
mental, or industrial production environments, and/
or may already be in practice in some instances. The
authors make no claims to whether this proposed
powder reuse flow is better or worse for oxidation
prevention. However, if the quarantining of the
build area powder is only blended/mixed with

| Furnace |
To AM Machine
Ar or He ‘( |—,TI @—
| 800 °C |

Fig. 12. Schematic demonstrating one example of a Ti-gettering gas
purification setup.

powder that has been through the AM process the
same number of times, it is the opinion of the
authors that a more uniform oxygen distribution
will be present in the entire lot. The idea being that
less heterogeneity in the powder batches will pos-
itively affect the uniformity of mechanical proper-
ties across a single build.

Inert Gas Purification

Processing Ti at elevated temperatures is an
atmospherically sensitive process owing to its high
reactivity with and gettering of Oy, Hg, CO2 and
N,.% Traditional melting and sintering of Ti at high
temperatures is carried out under inert gas envi-
ronments such as Ar and, less commonly, He.
However, due to the extremely small partial pres-
sures of oxygen for equilibrium formation of TiOg,
bottle purity of these gasses tends to not be enough
for a high degree of purity when processing Ti
alloys. Heated Ti has been traditionally utilized to
reduce partial pressures of residual gasses in vac-
uum environments,”’ and is used to purif;f inert
gasses by flowing the gas over Ti at 800 ° C.? There
exist several commercial gas purification furnaces
that make use of these fairly straightforward pro-
cesses for purification of inert gasses for high-
temperature processing of reactive metals; however,
the principles are simple enough for individual
research groups/commercial AM part producers to
build their own, as shown pictorially in Fig. 12.

For a Ti-gettering gas purification system as
pictured in Fig. 12, the operating principles are
that airtight fittings connect an inert gas cylinder
such as Ar or He to an apparatus, typically a high-
temperature tube furnace with Ti chips or a porous
chunk of Ti placed near the heating element, heated
to 800 °C. The gas flows over or through the Ti
gettering media and exits via airtight connections to
the AM machine. This Ti-gettering device can be
easily implemented into an existing AM process,
such that no machine settings need to be altered for
the implementation of in situ gas purification, as it
can be treated as an ultrahigh-purity gas instead of
bottle purity. Through in situ inert cover gas
purification for AM processes, specifically those that
use reactive metals like Ti-6Al-4V, any oxygen and
other impurities that may be contributed from the
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cover gasses themselves can be removed. This is
only one piece of the puzzle, however, as moisture in
the powder/machine also contributes significant
amounts of oxygen.

There have also been studies that make use of
rare-earth elements such as cerium-based (CeSiz)'**
and yttrium-based (YHj)'*® compounds for oxygen
scavenging in commercially pure Ti as well as Ti-
6Al-4V. As these approaches introduce elements
(Ce, Y) that may not be suitable for Ti-6Al-4V
fracture-critical applications, they may be suit-
able for less demanding applications where internal
chemistry may not need to be as rigorously
controlled.

Summary

The oxidation of Ti-6Al-4V feedstock powder
during powder-bed fusion (PBF) additive manufac-
turing (AM) is attributable to a number of potential
factors: powder handling, background temperature,
proximity to melted parts, exposure to atmosphere,
humidity, and build chamber atmospheres. In order
to extend the lifetime of powder batches and
minimize the overall AM process cost, a critical
understanding of key factors influencing oxidation
and oxidation rate is needed. Titanium alloys,
namely Ti-6Al-4V, are widely used in aerospace
and medical industries for their high strength-to-
weight ratios and good corrosion resistance. How-
ever, the high affinity for oxidation often leads to
costly processing environments to maintain the
purity of the finished product. Titanium feedstock
powder needs to be handled with great care to
ensure minimal oxygen contamination. Given that
the lifetime of Ti-6Al-4V powder batches in a PBF
production environment is often determined based
on individual manufacturers’ process optimization
with respect to limiting oxidation in the Ti-6Al-4V
powder, more information about powder reuse
methods needs to be reported in the literature to
accurately determine oxidation rates on a per-
process basis. Findings and observations from the
literature with respect to Ti-6Al-4V powder reuse
across both laser (L-PBF) and electron (EB-PBF)
powder bed fusion studies, as well as subsequent
effects on material properties, have been summa-
rized in this review. Note that the powder reuse
methods described are not wholly representative of
all powder reuse methodologies that exist through-
out academic, government, and private institutions,
but have been limited to those reported in the
available literature.

The oxidation rates gathered from the literature
were higher for EB-PBF compared to L-PBF, which
is thermodynamically to be expected due to the the
higher background temperature (400-800 °C) due
to layer preheating in the EB-PBF techniques.
There were no correlations between oxidation rate
and powder reuse method, as significant variation
in oxidation rate was observed within each powder

reuse method employed in the studies. The authors
feel that these results highlight a need for better
reporting of powder reuse method details to appro-
priately assess the potential for the reuse method to
affect the oxidation rate. Recommendations for
powder reuse, gas purification, and details for more
comprehensive powder reuse reporting are
provided.
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