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ARTICLE INFO ABSTRACT

Keywords: As metal Additive Manufacturing (AM) becomes more widely adopted in the aerospace and orthopedic in-
Additive manufacturing dustries, there is increasing demand to improve part quality and reduce overall cost. The high cost of powder
Titanium

feedstock has raised interest in recovering unmelted powder in the build chamber and its reuse in subsequent
builds. While degradation in powder properties with recovery and reuse can cause degradation in part prop-
erties, this topic has received rather limited attention. In this study the properties of Ti6Al4V metal powder are
evaluated over 30 build cycles in Electron Beam Melting (EBM) AM. The morphological, microstructural, me-
chanical, and chemical changes are evaluated in cross-sectioned powder particles and compared to isolated
control samples to understand the mechanisms of degradation. Results show that in response to the elevated
build chamber temperature, the powder undergoes a sub-beta-transus aging heat treatment with powder reuse.
Based on nanoindentation hardness measurements, the particles undergo an increase in near-surface hardness
(up to 2 GPa) with respect to the core. Moreover, tint etching revealed an oxidized surface layers consistent with
alpha case formation. The particle hardening appears to result from oxygen diffusion during powder recovery
and not work hardening related to the mechanical aspects of that process. These results demonstrate the im-
portance of managing/mitigating oxidation of metal powder feedstock to improve its reusability and increasing
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its overall lifetime.

1. Introduction

Metal powder bed Additive Manufacturing (AM) processes have
become increasingly viable for applications in the aerospace and
medical industries [1,2]. Electron Beam Melting (EBM) Powder Bed
Fusion (PBF) is one of the most prominent methods for metal AM. This
process uses an electron beam as the heat source to selectively melt and
fuse metal powder layer-by-layer in the process of achieving the desired
3D geometry [3].

In EBM AM the printed parts are supported in a bed of powder,
which reduces the need for extensive support structures that are char-
acteristic of deposition processes [3]. However, the powder bed volume
increases the quantity of powder feedstock needed to complete the
build process, regardless of the part volume. Only a fraction of the
powder in the build chamber is melted and utilized in the part. The
remaining/surrounding powder is available for reuse after completion
of the build and its recovery.

As a consequence of the relatively high cost of feedstock material,

powder reuse is now considered an essential part of PBF processes and
critical to maximizing the affordability of the process [4-6]. Indeed, a
number of studies have been reported on various aspects of metal
powder reuse in AM. Overall, prior investigations on reuse have dis-
tinguished that the powder quality can undergo changes with reuse that
manifest through degradation in the mechanical properties of the metal
[5-8]. Thus, powder reuse poses an important trade-off between pro-
cess economics and part performance concerns.

Due to a combination of their excellent strength to weight ratios,
biocompatibility and corrosion resistance, titanium alloys are used ex-
tensively in aerospace and medical applications [1,9-12]. Titanium
alloys are also a major focus in metal AM via EBM [11,13,14] and
Selective Laser Melting (SLM) [11,13,15]. The chemical resistance of
titanium comes from its reactivity with oxygen. It forms an impervious
surface oxide layer spontaneously in the presence of oxygen that pre-
vents the underlying metal from reacting with the surrounding en-
vironment [16]. At high temperatures, however, the oxygen can diffuse
into the metal to form an interstitially hardened layer known as alpha-
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case (a-case) [12,17-19]. Oxygen atoms occupy the interstitial sites in
the HCP lattice, thereby causing a slight tetragonal lattice distortion
that stabilizes the alpha phase and impedes dislocation motion through
the lattice [17,20]. The near-surface case layer is harder than the un-
derlying metal. It is also more brittle, and often undergoes micro-
cracking, which can degrade the corrosion and fatigue resistance of the
metal [18,19]. An increase in oxidation of the powder may foster an
increase in oxygen content of the printed metal and contribute to the
degradation of the mechanical properties seen in components built with
reused powder [4-8,21,22,24]. This raises a concern in AM processes
involving titanium and other anodic alloys that have tendency to react
with oxygen. Indeed, PBF systems for metal AM are operated in inert
environments to protect the molten metal from oxygen, either under
argon atmosphere for SLM or under vacuum for EBM systems.

The oxygen content of titanium powder in AM processes reportedly
increases with its reuse [5,6,21], and can exceed the allowable con-
centration limits outlined by ASTM specifications for this EBM PBF
process [23]. One approach to temper the rise in oxygen content is to
simply mix the reused powder with fresh (virgin) powder after each
build cycle. However, the rise in oxygen content depends on the ex-
posure time of the powder to air, and the humidity of the environment
[51], which complicates the determination of processing methods for the
most efficient use of powder. Therefore, blind mixing to refresh powder
is a potential solution without fundamental understanding. There are
important engineering concerns related to the powder reuse beyond its
exposure to elevated temperature, including the changes in particle
microstructure, depth of oxidized layer, changes in mechanical prop-
erties, etc. To the authors’ knowledge, a detailed investigation of
powder degradation in metal PBF AM by EBM that addresses these
concerns has not been reported.

The primary objective of this investigation is to evaluate the
changes in properties of titanium powder with its reuse in EBM AM. The
effort explores oxygen contamination of the powder with reuse over a
large number of build cycles, and the primary contributing mechan-
isms, through a quantification of changes in the microstructure and
mechanical properties of individual powder particles. Results of the
various methods of quantification are discussed in detail and the im-
plication to future powder reuse strategies are discussed.

2. Materials and Methods
2.1. Material

Fifty (50) kg of Grade 5 Titanium Alloy (Ti6Al4V) powder was
purchased from the machine manufacturer (ARCAM: Batch P1303, Part
#430944) for this study. The powder was used in sequential standar-
dized builds performed using a commercial powder bed fusion system
for EBM (ARCAM, Model A2X, Sweden). A total of thirty consecutive
builds were performed, with the excess powder from each build being
collected and reused in the subsequent build. A standardized build was
performed in each cycle, which consisted of approximately 40 cm® of
metal, including 0.6 cm® of support metal. The total volume of metal
powder in the build chamber was 2966 cm?®, based on a total build
height of 104 mm. The build chamber was preheated to 650 °C for each
build, according to the default machine theme. The average build time
for each cycle was approximately 16 hours, giving a total build time of
approximately 480 hours for all 30 builds. More details are listed in
Ghods et al., [22]. After each build, the partially sintered powder block
was removed from the ARCAM machine and transferred to the powder
recovery system (PRS). There, compressed air and loose titanium
powder was used to free the encapsulated printed parts from the sin-
tered powder block and loosen the remaining powder. This volume of
processed powder was mixed with the powder remaining in the hoppers
of the EBM machine, sieved (#125 mesh) to remove large particles, and
returned to the machine for the next build cycle.

A separate batch of virgin powder was run continuously through the
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PRS system for 30 hours to simulate the effects of the repeated air
blasting on an accelerated schedule. This powder underwent the me-
chanical deformation associated with the recovery process without the
effects of the thermal variations associated with the build cycles.
Samples of this powder were taken after every 10 hours of PRS treat-
ment for analysis, and labeled t10, t20 and t30.

2.2. Alpha Case Standard

To validate the methods used to detect the presence of an alpha case
in the samples, a lab standard was produced using available materials.
A sample of virgin powder was subjected to a furnace heat treatment at
760 °C for 2 hours in ambient air, followed by air cooling. The condi-
tions were selected based on a previous study reported by Pitt et al. [26]
investigating alpha case development on titanium.

2.3. Sample Preparation

The powder samples were first mounted in Struers EpoFix two-part
epoxy resin within a square plastic mold (approx. 1 cm x 1 cm) to es-
tablish a shape that helped to index and track individual powder par-
ticles. Individual particles are identified by their powder sample and an
arbitrary particle number (e.g. b30p19 to distinguish particle 19 of
build 30 powder). To aid in the impregnation of the powder samples
with epoxy, they were placed in a vacuum chamber after adding the
epoxy to the mold. After setting, the square powder mount samples
were extracted from the plastic mold and then mounted in 30 mm cy-
lindrical molds involving the aforementioned epoxy resin. Once cured,
the powder samples were ground using silicon carbide papers with
successively smaller particles to #800 grit. Polishing was then per-
formed using 6 and 3 pm DiaLube diamond particle suspensions on an
Allied High Tech White Label pad and a Struers MD-Dac pad, respec-
tively. The final polish was achieved using a 0.05 pm colloidal silica
attack polish solution containing 5% ammonium hydroxide and a small
amount of hydrogen peroxide, on a Struers MD-Chem pad. The polished
samples were etched, starting with Kroll’s reagent (etchant #192 of
ASTM E407-07 [25]) by partial immersion for 10 seconds, followed by
an ammonium biflouride (ABF) tint etch (etchant #217 of ASTM E407-
07 [25]). Fig. 1 shows an alpha case layer revealed by this tint etching
process on a wrought bar of Ti6Al4V; the alpha case layer appears
bright relative to the remainder. After optical analysis, the samples
were repolished using the aforementioned methods to remove the
etched topography and re-establish a smooth surface with mirror finish,
as required for nanoindentation and SEM analysis.

2.4. Sample Analysis

2.4.1. Optical Microscopy
The powder samples were evaluated via optical microscopy using a

Fig. 1. Photomicrograph showing alpha case (white) layer on Ti6Al4V bar
stock, annealed 2 hours at 760 °C in air and air cooled, revealed by partial
immersion etching in ABF.
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reflected light microscope (Olympus BX51RF, Japan) equipped with
objectives ranging from 5X to 100 x. The samples were evaluated in
the as-polished, etched, and tint etched conditions to monitor changes
in microstructure and/or composition resulting from the recycling
process. Particles that displayed interesting features were indexed for
subsequent evaluation by nanoindentation and SEM-EDS. Quantitative
analyses of the void size and void concentration were performed on
powder in the as-polished condition using image analysis software
(Olympus cellSens Standard v. 1.18). Regarding void size, images of the
voids were taken at 500 X magnification and their caliper diameters
were measured in 8 directions and averaged. Void concentration was
measured at 100 X magnification on random fields of view throughout
the sample. Images were taken and analyzed using a custom script
developed using commercial software (NIH ImageJ, Bethesda, MD,
USA) to count the number of particles and voids in each image.

It is important to note that the voids were measured on a random
cross-sectional plane, and their actual diameter in the particle cannot be
directly measured. However if the voids are assumed to be spherical
and are intersecting the evaluation plane at random points, the true size
of the voids can be calculated based on the predicted area of the cross-
section. Since it is equally probable to intersect the void at any point,
the expected cross-sectional area becomes the average cross-sectional
area as a function of height. For a spherical void sectioned randomly as
depicted schematically in Fig. 2, the pore dimensions are described by

R
1
a=——— [ n® -y)dy
R-(=R) jg ey
where a is the average cross-sectional area, R is the true particle radius,
and y is the distance of the intersecting plane from the center of the
pore. The average cross-sectional area can be related to the measured

radius r and the true radius R according to

2
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Then, the final relation between r and R, which is the same as the
relation between the measured diameter d and the true diameter D is
given by

R = ’zraD—\/zd
_\/2 N2 3)

Fig. 2. Schematic diagram of dimensions used in calculating the true void
diameter from the measured cross-section.
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2.4.2. Nanoindentation

Hardness measurements were made on the cross-sectioned powder
particles using a commercial nanoindenter system (Bruker Hysitron
TriboIndenter 980, USA) with a Berkovich diamond indenter. A 2 mN
indentation load was chosen such that the indents produced were small
enough to be placed within a few microns from the edge of the particle,
while deep enough to avoid complications from surface topography,
contamination and indenter tip geometry. Under a 2 mN load, the in-
dents had an edge length of approximately 1 pm and were approxi-
mately 100 nm deep. The testing conditions enabled indents to be
placed as close as 2.5 um from the edge of the particle, while abiding by
the indent spacing requirements outlined in ASTM E 384-17 [27].

The powder sample mounts were secured to the nanoindenter stage
using vacuum suction. For each particle investigated within a mount, a
profilometer scan was taken and the desired indent locations were
specified manually. The indent locations were chosen to obtain at least
3 indents close to the surface, a staggered array progressing inward to
the core, and 5 indents near the center of the particle. The indents were
examined using scanning probe microscopy to ensure that the indents
were placed in the desired locations. These scans were also used to
measure the radial distance from the indent center to the nearest edge.

The hardness and elastic modulus of the particles were evaluated
using the standard Oliver and Pharr approach [28]. The nanoindenta-
tion hardness measurements were used to evaluate the presence of an
alpha case layer and the potential for work hardening of the particles
resulting from the PRS process. A hardness differential of 0.4 GPa be-
tween the surface and the core was used as the criteria for defining
alpha case, which is based off an AMS material specification that de-
fines surface contamination by a surface hardness more than 40 points
higher than the subsurface hardness on the Knoop scale using a 200-
gram load [29]. This requirement was adapted to nanoindentation
methods to define alpha case.

The size of the indents needed to obtain reliable readings of the
hardness limited how close they could be placed to the surface. Indents
within 2.5 pm of the edge were considered invalid by the spacing re-
quirements of ASTM E 384-17 [27]. Similarly, those with inconsistent
shape and indents placed on surface irregularities were discarded as
well. Consequently, indents between 2.5 um and 5 pm of the surface
were considered representative of the surface hardness. The core
hardness was defined as the average of 5 indents placed roughly in the
center of the particle.

2.4.3. SEM/EDS

An elemental analysis of the particles was performed using a com-
mercial Scanning Electron Microscope (SEM; Phillips, Model XL30
Sirion FEI) equipped with an Energy-Dispersive x-ray Spectroscopy
(EDS) detection system. The samples were carbon-coated prior to
analysis to improve surface conductivity and prevent artifacts from
sample charging. The EDS spectra were obtained with an accelerating
voltage of 15 kV and a working distance of 5 mm. The beam spot size
was adjusted to achieve a detector dead time of 30-50% for optimal
signal collection. Surface-to-core line scans were taken to measure
compositional gradients in the particles. The intensity of the oxygen
signal was recorded as a function of distance from the particle edge.

3. Results
3.1. Optical Microscopy

3.1.1. Virgin Powder

A photomicrograph showing the structure of the virgin powder
particles is shown in Fig. 3(a). The sample b1 (virgin) powder exhibited
a microstructure consisting entirely of martensitic alpha prime (a’).
This structure consists of fine, nearly indistinguishable acicular grains
of alpha phase, and forms upon fast cooling from the beta phase. Tint
etching with ABF highlighted the acicular structure but revealed no



A. Montelione, et al.

Additive Manufacturing 35 (2020) 101216

23

Fig. 3. Representative microstructure of particles at the beginning and end of the multiple build cycle. a) bl (virgin powder) with reference. Insert shows Figure 2727
of ASM Metals Handbook Vol. 7, 8th Ed. showing a microstructure consisting entirely of alpha prime (martensite) formed in Ti-6Al-4 V forged at 1900 F, air cooled,
annealed for 2 hours at 1300 F and quenched in water (Kroll's etch) [34]. b) b30 powder particles showing a range of microstructures.

alpha case layer on the particles, as expected. The particles were
spherical, with small satellite particles occasionally visible along the
margins of larger particles.

3.1.2. Reused Powder

A photomicrograph showing the structure of the reused powder
particles of b30 is shown in Fig. 3(b). The reused powder showed a
distribution of microstructures, ranging from near-virgin martensitic
alpha to heavily coarsened alpha platelets with intergranular beta. In-
termediate structures were visible in individual particles showing pro-
gressive levels of coarsening of the alpha grains, suggesting that in-
dividual powder particles experienced significantly different thermal
histories. A view of the changes in microstructure over the reuse pro-
gram is shown in Fig. 4. Specifically, a selection of particles from b7 and
b14 are shown in Fig. 4(a-f). An view of the coarsest microstructure
from b14 is shown in Fig. 4(f). The extent of observed coarsening and
the range of the distribution of microstructures both increased with
increasing reuse cycles. Specifically, the nearly virgin powder used in
the early builds exhibited a few coarsened particles, whereas the
powder in the later builds consisted almost entirely of heat-affected
particles with relatively few particles still showing the virgin micro-
structure.

3.1.3. Alpha Case Standard

Photomicrographs of the heat treated powder (sample al) under
various etch conditions are shown in Fig. 5. Cross-sectioned particles
are shown in the as-polished condition in 5(a), after being etched with
Kroll's reagent in 5(b), and after etched with Kroll's and ABF in Fig. 5(c).
The heat treated powder showed significant deterioration as a result of
the thermally assisted oxidation. When removed from the furnace the
powder was a matte orange-brown, visibly indicating the presence of a
titanium oxide layer. In cross-section, a gray titanium oxide layer was
visible on all the particles, coating them to a depth of approximately 10
um. Surface cracks, chips, and crevasses were evident on the surfaces of
the particles in the as-polished state as evident in all views in Fig. 5. The
microstructure of the particles consisted of acicular alpha (transformed
beta) that was not significantly coarsened from the martensitic virgin
structure, owing to the relatively short duration of the heat treatment.
The ABF tint etch revealed a thick white-etching layer (Fig. 5(c)), ap-
proximately 25 pum thick. Accurate total depth measurements of the
white layer could not be measured from the cross-section, owing to the
spherical geometry of the particles.

3.1.4. Accelerated PRS Powder
A photomicrograph of the particles subjected to the accelerated PRS

treatment and after being etched with Kroll's and ABF is shown in
Fig. 6. Many of the particles showed flattened faces and irregular, an-
gular morphologies, a result of deformation caused by the impact forces
experienced during the PRS treatment. In some instances, particles with
large internal voids were observed to have fractured from the stress of
the impacts, such as that shown in Fig. 7 (specifically Fig. 7c). The
majority of the particles exhibited a fine martensitic structure when
etched, similar to the microstructure of the virgin powder. A small
percentage of the particles in the powder sample that underwent 30
hours of PRS cycling (t30) demonstrated coarsened microstructures and
white etching layers when etched. These observations were attributed
to errant particles trapped in the system from previous build and re-
covery cycles, and the particles showing these features were omitted in
further analysis.

3.1.5. Voids

Voids were observed in all powder samples, and ranged in size from
nearly indistinguishable to encompassing the entire particle volume.
Examples of large voids observed in selected particles are shown in
Fig. 7. The voids were consistent in shape, primarily round or oblong,
except for the cases where the void encompassed the majority of the
particle volume, resulting in structural instability and deformation.

The distribution in average measured void diameters is shown for
selected powder samples over the powder reuse program in Fig. 8(a).
No significant trend was observed in the void size as a function of build
number for the reused powder. Image analysis measurements of the
voids documented in the particles gave an overall average measured
void diameter of 29 = 12 um, and a calculated true diameter of
35 + 15 pm. The distribution in void occurrence is plotted for selected
builds of the reused powder in Fig. 8(b). The frequency of void occur-
rence in the powder was determined to be about 1 void for every 100
particles, or a 1% void occurrence. This value was consistent across all
powder samples over the history of the reuse process.

3.2. Nanoindentation

An example of the indentation array used for the hardness analysis
of the titanium powder particles is shown in Fig. 9(a). Representative
hardness profiles for selected particles of the alpha-case powder (alp5)
and the reused powder from build 30 (b30p19) are shown in Figs. 9(b)
and 9(c), respectively. It is important to note that the data for these two
particles is presented on different hardness ranges to accommodate the
different peak hardness of the two conditions. There is a clear trend
evident in both graphs reflecting the larger indentation hardness near
the surface. The alpha-case particles (e.g. Fig. 9(b)) clearly exhibited



A. Montelione, et al.

Additive Manufacturing 35 (2020) 101216

Fig. 4. Photomicrographs of particles from (a-c) b7 and (d-f) b14 representing the range of microstructures observed in those powder samples. (c) and (f) show
photomicrographs of the coarsest microstructures observed in the respective powder samples. The scale for all the micrographs in (a-f) are the same.

the largest near-surface hardness.

For the alpha-case treated powder, three particles were selected for
analysis based on the clarity of the white layer visible in the tint-etched
condition. A photomicrograph of one of these particles is shown in
Fig. 10(a). All three particles had significant surface hardening, with
surface values being up to 15 GPa higher than the core. Similarly, a
photomicrograph of one particle of the reused powder from b30 after

the tint-etch process is presented in Fig. 10(b). A visible white layer is
also evident. The average surface hardness for each particle was taken
from the indents measured between 2.5 and 5 um from the edge of the
particle, which is well within the white layer. The measured values for
the average core hardness and surface hardness of these particles is
presented in Table 1, along with the hardness differentials. According to
the measured hardness, the hardness differentials with regards to the

alpha case

Fig. 5. Photomicrographs of the heat treated bl powder in a) the as-polished condition, (b) etched with Kroll's reagent, and (c) etched with Kroll's and ABF. Note the
light grey oxide layer surrounding each particle. The alpha case layer in indicated by the bracket.
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Fig. 6. Representative photomicrograph showing particles from the t30 powder
sample (accelerated PRS powder) etched with Kroll's and ABF. Note the coarser
microstructure on some of the particles, as well as the visible white layer on the
center particle, suggesting these particles have experienced thermal cycling.

core for particle alp4, alp5, and alp6 were 7.3, 5.4 and 6.6 GPa, re-
spectively. All these values are > > 0.4 GPa hardness differential re-
quired for establishing the presence of an alpha-case. A visual com-
parison of the average surface hardness and average core hardness for
the measured particles is plotted in Fig. 10(c).

Surface hardening in the reused powder was evident, although not
to the extent of that in the alpha-case powder. The difference between
the core and surface hardness appeared to increase with the extent of
reuse. The average core hardness over the 30 builds was 5.0 = 0.2 GPa,
with no trend. However, the surface hardness increased from
4.7 = 0.45 to 6.8 = 0.4 GPa, which represents a significant increase
over the 30 builds. Particle b1p2 from the bl powder sample (virgin
powder) showed a core hardness of 4.9 = 0.3 GPa, with no change in
hardness from the core to the edge. Particle b20 p14 showed a surface
hardness of 5.6 = 0.2 GPa, and a core hardness of 5.2 = 0.3 GPa. This
represents a hardness differential of 0.4 GPa, just at the alpha-case
threshold. Particle b30p19 showed a surface hardness of 6.8 = 0.4 GPa,
and a core hardness of 4.9 + 0.2 GPa. This represents a hardness dif-
ferential of 1.9 GPa, sufficient to classify as alpha-case. The measured
hardness values for particle b30p19 decreased to within 0.4 GPa of the
average core hardness at approximately 20 pm from the surface.

The hardness distributions, as well as the average surface and core
values were also evaluated for particles from the accelerated PRS study.
These particles were selected based on optical micrographs for having
microstructures similar to the virgin powder and evidence of mechan-
ical deformation. A comparison of the average surface and core
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hardness for these particles is shown in Fig. 10(c); the measures of
hardness and the hardness differentials are listed in Table 1. None of the
particles from the accelerated PRS powder sample showed surface
hardening in excess of 0.4 GPa from the average core hardness; average
surface hardness values were within 0.4 GPa of the core values in all
cases (Appendix Al and A2).

3.3. SEM/EDS

EDS line scans from the surface of the alpha-case particles to the
core showed significant changes in oxygen signal intensity, with the
signal counts per second being up to three times higher at the surface as
compared to the core (Fig. 11). The oxygen signal intensity drops ra-
pidly towards the center of the particle, leveling off to values similar to
those at the core by approximately 15 um from the surface in the
particles measured. Direct calculation of oxygen concentration cannot
be determined by EDS due to limitations of the approach as well as
complications due to energy peak overlap between oxygen and vana-
dium. Nevertheless, it is a useful approach for obtaining relative con-
centrations.

Although the presence of an alpha case layer in the reused powder is
suggested from the tint etch and hardness measurements as shown in
Figs. 9 and 10, there were no changes in oxygen signal intensity of the
EDS scans detected between the surface and the core (Fig. 11). Simi-
larly, the EDS analysis was also performed on the powder particles of
the PRS study, with no discernible change in signal intensity from the
surface to the core of these particles.

4. Discussion

The primary objective of this investigation was to evaluate the
changes in properties of metal powder that occur over multiple build
cycles in EBM with Grade 5 Ti6Al4V and to identify the primary con-
tributing factors. According to results from the evaluation of micro-
structure, hardness profiles and composition, the findings suggest that
oxygen diffusion occurs to the powder during the thermal cycles in EBM
AM, which manifests as an alpha-case layer that extends from the
surface inwards. The identification of alpha-case on the particles is a
result of two different and independent measures, including the ob-
servation of oxygen contamination by the ABF tint etch, and identifi-
cation of near-surface hardening through nanoindentation hardness
testing. Surprisingly, substantial oxygen ingress in the feedstock was
observed despite the use of vacuum in the EBM processing.

The ABF tint etch is a test often used to detect the presence of an
alpha-case layer on titanium that has undergone heat treatments [30].
It is important to note, however, that other etch interactions can create
lighter etching regions, and so the presence of a white surface layer is

Fig. 7. Several examples of pores in powder particles as revealed by cross-sectioning. a) surface connected pore in bl powder. b) internal pore in b30 powder. c)

crushed pore in t30 powder.
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not by itself sufficient evidence for confirmation of an alpha-case. As
such, it is necessary to confirm the presence of the alpha-case through a
secondary test, and most ideally a quantifiable measurement. For this
reason, nanoindentation hardness testing was employed to examine
hardness gradients from the particle surface that are related to either
oxidation or another aspect of the processing.

One finding of importance is the relative agreement between the
microstructure and hardness measurements, and their synergy. For in-
stance, in all the particles with observed white layer and surface
hardening, the subsurface hardness decreased below the alpha-case
criteria limit at distances that were largely consistent with the mea-
sured depth of the white layer on those particles. That consistency is
evident in the hardness profiles presented in Fig. 9(b) and (c) for the
selected alpha-case and the reused powder particles, respectively. It not
only provides supporting evidence that the white layer is indicative of
alpha-case, but also suggests that the ABF tint offers an effective route
for quantifying the depth of the alpha case. Nevertheless, the ABF tint
etch alone is not sufficient to reliably claim alpha-case in all cases.
Several particles were observed to exhibit a white layer but did not
exhibit surface hardening. There were also particles that exhibited a
prominent white layer and surface hardening, but the source of the
hardening originated from sources other than oxygen. Admittedly, the
estimated alpha-case depths may not represent true depths due to the
random sectioning of the powder and potential deviation from the true-
midplane. Depending on where the particle was sectioned, the skew of
the surface relative to the polish plane can exaggerate the depth mea-
surement, with greater exaggerations resulting from shallower cross-
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sections.

Although both the reused and alpha-case treated powders experi-
enced similar levels of heat exposure (T= 700 °C), the reused powder
underwent heating under vacuum while the al powder was exposed to
air. The oxygen was much greater in the heat-treated powder (al),
enabling significantly more surface hardening as evident in Fig. 9. This
was also evident optically by the presence of a more substantial and
distinct oxide layer on the al powder particles. Thus, the lower extent
of hardening in the heavily reused (b30) powder was expected due to
the lower concentration of oxygen exposure. Furthermore, the in-
dividual particles of the reused powder experienced different thermal
and chemical environments depending on their location within the
build chamber, as well as differences in handling and their history in
the mixing process. In fact, not all the b30 particles were expected to
exhibit hardening. Hence, the findings presented here do not reflect the
state of the reused powder globally, but rather present possible trans-
formation routes that individual particles may take. Therefore, case
hardening of the particles by oxygen diffusion is presented as a possi-
bility in the powder, rather than a global certainty applicable to all
particles. The particle mixing protocol and the proximity of the parti-
cles relative to the part boundaries in the build cycles are important
contributions to the degradation process.

The absence of hardening in the accelerated PRS powder (t30)
suggests that mechanical deformation does not cause significant surface
hardening in Ti6Al4V powder particles. In fact, most of the t30 particles
showed lower hardness near the surface than at the core. This could be
a result of the limitations of the indentation approach near the surface
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Fig. 9. Mapping of surface hardness. (a) SEM micrograph showing indents in a typical testing array. Inset shows details of indents (b) and (c¢) show the subsurface
hardness profiles for selected particles from samples al and b30. The solid red line indicates the average core hardness for that particle, and the dashed red line
indicates the 0.4 GPa difference used to define alpha-case. The vertical dotted black line indicates the depth of the white layer, as measured optically from the ABF

tint.
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Fig. 10. Alpha case and particle properties. (a) and (b) show photomicrographs of particles alp5 and b30p19, etched with Kroll's and ABF to reveal the alpha case. (c)

shows the average surface and core hardness for each measured particle.

Table 1
Summary of average surface and core hardness for selected particles.

Sample  Average Surface Average Core Hardness Differential
Hardness (GPa)' Hardness (GPa)” (GPa)
blp2 4.72 £ 0.45 4.86 = 0.31 —0.14 £ 0.55
b20p14 5.61 = 0.24 5.23 + 0.33 0.39 = 0.40
b30p19 6.76 = 0.43 4.89 + 0.22 1.87 +0.48
t30p5 3.88 = 1.05 4.33 £0.12 —0.45 + 1.06
t30p6 4.41* 4.76 = 0.34 —0.35*%
t30p12 5.03 £ 0.18 4.81 = 0.15 0.22 = 0.24
alp4 13.16 + 0.61 5.88 = 0.21 7.27 = 0.65
alp5 10.20 + 0.92 4.82 = 0.24 5.38 £ 0.95
alp6 10.86 + 1.49 4.29 = 0.31 6.56 + 1.53

1 Average of indents from 2.5um - 5um of the surface.
2 Average of 5 indents.
* No statistics are available.
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> b30p19-0

= 130p10-0
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Fig. 11. Representative EDS line scan spectra showing oxygen Kal peak energy
intensity as a function of distance from the particle edge for particles from
samples al, b30, and t30.

of cross-sectioned particles, causing the indenter to penetrate farther
and giving the impression of softer material. It could also be a function
of the limited depth of the hardened layer induced by deformation. The
t30 powder was virgin powder introduced directly to the PRS. It did not

undergo a heating process sufficient to allow significant oxygen diffu-
sion into the metal. Since particles were selected for characterization
based on the severity of their deformation, it is assumed that the ex-
amined particles represent worst-case scenarios. Therefore, since none
of the particles showed signs of hardening, the work-hardening in
particles with less-substantial signs of deformation would be equally
minimal. Also noteworthy, the average void diameter and frequency of
occurrence in the particles was not observed to change with reuse time.
As such, crushing of particles with internal voids in the PRS is not a
significant factor.

Although efforts were made to identify oxygen in the b30 powder
via EDS methods, this approach proved unreliable in detecting the
differences in oxygen concentration that had apparently occurred.
Despite the tint etching and hardness measurements suggesting the
presence of an alpha case layer on the b30 powder particles, it was not
substantial enough to be observed from the oxygen signal intensity in
the EDS line scans. Yet, this does not necessarily rule out the presence of
an alpha case layer. Recent studies have suggested that a drastic change
in mechanical properties occurs in titanium at an oxygen content of
around 0.3 wt% [31]. Assuming that the oxygen concentration near the
surface of the powder is at or around this level, it is close to the
minimum detection limits for light elements on most EDS systems. This
is further complicated due to the overlap between the oxygen K peak at
0.523 eV and the vanadium Ka peak at 0.511 eV [32]. Since vanadium
is present in the particles at a nominal composition of 4 wt%, it is
possible that the signal from the vanadium overwhelms small changes
in the oxygen signal for the reused (b30) powder. This idea is supported
by the EDS results of the heat-treated powder (al) which leveled off to a
consistent baseline before the hardness values passed below the alpha-
case threshold. Apparently, the concentration of oxygen in the metal
was sufficient to induce hardening but was below the detection limits
by EDS.

Previous work by Tang et al. [5] attributed the increase in oxygen
content of Ti6Al4V powder to oxygen pickup that occurs when it is
exposed to air during the PRS, mixing, and sieving steps. While plau-
sible, it is most likely that the main source of oxygen is actually water
vapor in the air. When exposed, water molecules adsorb onto the sur-
face of the powder particles. These molecules dissociate during the
heating cycles in the EBM chamber, allowing the oxygen to penetrate
the metal. This process has been previously shown to occur during gas



A. Montelione, et al.

tungsten arc (GTA) welding of titanium alloys produced using powder
metallurgy [33]. Another potential source of oxygen is the passive
oxide layer that forms spontaneously on the surface of titanium metal
when exposed to air [35]. Although only a few nanometers thick,
progressive heating cycles and air exposure could cause the oxide layer
to diffuse inward and reform periodically.

Despite the value of the findings in providing a fundamental un-
derstanding of the changes in powder particles with reuse in EBM with
Ti6Al4V, there are limitations to this investigation that are important to
consider. Primarily, the techniques used in this study only provide in-
formation on the individual particles measured. Thus drawing broader
conclusions regarding the bulk properties of the powder are not re-
commended as they are a function of the individual powder handling
procedures used, the manner in which additional powder is added in-
crementally in successive builds, etc. These are important issues that
remain for future studies.

5. Conclusions

An experimental evaluation of Ti6Al4V metal powder particles was
conducted over 30 build cycles of Electron Beam Melting (EBM) ad-
ditive manufacturing (AM). For comparison, powder particles were also
analyzed after an alpha-case heat treatment (control) and after ac-
celerated mechanical processing by the powder recovery system (PRS).
Based on morphological, microstructural, mechanical, and chemical
analyses performed on cross-sectioned powder particles, the following
conclusions are drawn:

i) The thermal cycling inherent to the EBM-PBF process causes coar-
sening of the particle microstructure. The extent of coarsening de-
pends heavily on the specific thermal history of the individual
particles, which depends on their location in the machine and with
respect to the melt pool and part. Heavily reused powder is ex-
pected to exhibit a broad range of microstructures and thus a
commensurately broad range of mechanical properties.

The effect of oxygen diffusion in the powder is assumed to be cu-
mulative with reuse times, with additional oxygen being introduced

ii

-
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every time the powder is removed from the build chamber.
Significant powder reuse can lead to the development of an oxygen
rich case layer on a portion of the particles, which will depend on
the volume of powder used in the build cycle and the particle
proximity to heat.

iii) Surface hardening of the powder particles occurs during powder
reuse. The hardening appears to result from contamination of the
powder via external sources, with oxygen ingress representing one
possible mechanism.

iv) Work hardening by mechanical deformation of the powder particles
is not a significant factor in powder reuse. However, the mechanical
deformation itself is an important factor in other aspects of powder
reuse. Changes in powder morphology will undoubtedly affect the
flowability and spreadability of the powder in the machine.

v) In EBM AM with Ti6Al4V and other powders that develop sponta-
neous passive oxide layers, it is essential to monitor/manage
powder oxidation and its detrimental effects on the resultant built
material. Concerted efforts should be made to develop systems that
prevent powder exposure to oxygen sources, or to develop methods
(chemical or physical) of removing the surface oxygen sources prior
to each build.
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