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This work investigated the effects of powder reuse, and location dependency on the mechanical properties of
plasma atomized Ti-6Al-4V Grade 5 parts manufactured via laser powder bed fusion (L-PBF). Reusing the powder
enhanced powder flowability and packing state while increasing the oxygen. Fatigue performance improved with
limited reuse for the specimens upstream of the shield gas and decreased at downstream locations due to large
critical defects. Powder reuse increased tensile strength and the critical energy release rate under high strain-rate

loading. The specimens in downstream locations suffered more from spattering, resulting in lower fatigue per-

formance and tensile ductility.

1. Introduction

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

Careful evaluation of the effect of powder reuse on the powder
feedstock-defect-/micro-structure-part performance relationships thus
becomes crucial [1]. In fact, America Makes and the American National
Standards Institute (ANSI) have listed powder reuse as one of the main

AM technical gaps in their Standardization Roadmap for AM [2]. As
such, some studies have already attempted to pave the way toward a
thorough understanding of the effects of powder reuse on powder
characteristics and mechanical properties of AM parts manufactured via
electron powder bed fusion (E-PBF) with Ti-6Al-4V (Ti64) [3-8],
Inconel 718 (IN718) [9], and Ta [10] powders as well as laser powder
bed fusion (L-PBF) with Ti64 [11-16], steels [17-23], IN718 [24-27],
AlSil0Mg [28-30], and Hastelloy X [31] powders. However, under-
standing regarding the powder reuse effect on parts’ mechanical prop-
erties, especially fatigue, and their location dependency is still lacking,
as detailed in the forthcoming text.

During AM process fabrication, powder particles near the parts
experience exceeding temperatures [32]. Among them, the smaller ones
tend to either melt or be attached to larger particles (forming agglom-
erates) which are then removed during sieving. Accordingly, the fraction
of small particles in a powder batch tends to decrease with limited reuse,
and narrow the span of particle size distribution (PSD) [3,6,11,17],
typically improving the flowability and powder bed packing state
[3,6,11,17,18,24], which can result in less defects in the fabricated
parts. However, smaller agglomerates (especially the partially melted
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Nomenclature

2Ny number of reversals to failure

& true fracture strain or ductility

R, the ratio of minimum to maximum stress

Sa arithmetical mean height of the profiled surface
0q stress amplitude

Kic fracture toughness

J energy release rate

Jic critical energy release rate

east/west specimens east specimens were closer to the powder
feedstock, while the west ones were further away

north/south specimens north specimens were closer to the gas
flow nozzle inlet, while the south ones were in the
downstream

ones) can remain even after sieving, and their fraction can increase with
reuse. Therefore, the flowability of excessively reused powder is ex-
pected to decrease, which can lead to a poorer and more location-
dependent powder bed packing state, and, accordingly, higher and
more location-dependent defect content in the fabricated parts [17,33].
Although the existence of the non-spherical particles due to powder
reuse has been confirmed by several studies [6,10,19,31], to what extent
these particles contribute to the aforementioned location-dependency is
still not well understood.

In addition to particle morphology, reuse can also increase the O
concentration in powder particles [3-6,9-12,20,31]. This again is likely
due to the repeated thermal exposure of powder particles near the
fabricated parts, which permits the reaction between metal particles and
O, adsorbed on their surfaces during powder handling [34]. The
increased O content in the reused powder may not only lead to a higher
concentration of O interstitial atoms in the fabricated parts but also
increase the tendency of spattering during fabrication [9,19,20], which
can form large defects and nonmetallic inclusions in the fabricated
material. The spattering-induced melt pool ejecta (typically oxide-
coated metal particles), upon landing back onto the powder bed, can
lead to the formation of lack-of-fusion defects due to poor wetting with
melts which may increase the O content of the parts in the vicinity [35].
Although shield gas (such as Ar) flow in the build chamber is typically
utilized to remove most of the ejecta as they form, some may still land on
the powder bed in the downstream locations [33,35]. Therefore, it can
be hypothesized that the defect and O contents for parts fabricated at
downstream locations are higher, and the upstream-downstream loca-
tion dependency is expected to increase with reuse. However, the testing
of such hypotheses is still lacking in the literature.

The powder reuse-induced variations in the defects contents and
microstructure (primarily O concentration) in the fabricated parts can
influence their mechanical properties. For instance, higher ultimate
tensile strength (UTS) and yield strength (YS) [3,4,6,12,31] and lower
tensile ductility [4,7,10,12,19,31] of a wide range of materials,
including Ti64 and AlSi10Mg, are typically seen with powder reuse. The
higher strengths are generally ascribed to the additional solid solution
effect associated with increased O content. The reduced ductility is
typically due to the increased defect content, serving as the inception
point of fracture [36].

The role of defects is more accentuated in fatigue properties. As a
result, the variations in parts’ defect content and their location de-
pendency due to powder reuse can translate to relatively large changes
in fatigue lives. For instance, an improvement in the high-cycle fatigue
performance was observed in Refs. [11,14,17] due to powder reuse,
which was associated with a better packing state of reused powder
resulting in fewer and smaller defects. Opposite results (i.e., reduction of
fatigue performance with reuse) were also reported in Refs. [3,7] due to
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the formation of lack-of-fusion defects which were ascribed to excessive
reduction of fine particles and low aspect ratio (minimum to maximum
dimension) powder particles that passed through the sieve. Under high
strain-rate loadings, understanding the role of variations from powder
reuse induced micro-/defect-structures is still largely lacking, although
some data is available for the high strain-rate fracture behavior of some
additively manufactured (AM) alloys [37-40] (see Section S4 in the
supplemental material for further details).

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

2. Methodology

Plasma atomized Ti64 Grade 5 from the AP&C with a nominal PSD of
15-53 um was used to fabricate parts using the EOS M290, an L-PBF
machine, in an Ar environment employing the EOS recommended pro-
cess parameters as listed in Table 1. The chemical composition, reported
by the manufacturer and measured based on the ASTM F2924 [41], is
provided in Table 2.

As seen in Fig. 1, the build layout consisted of 48 larger square bars
with a volume of 13 x 13 x 100 mm?® and 24 smaller square bars with a
volume of 9 x 9 x 90 mm®. The build layout also had 16 net-shaped high
strain-rate fracture specimens. A half-built square block was also placed
in each quadrant for microstructural analyses. All the coupons located
on top of the central line were considered the north group, which was
closer to the gas inlet nozzle, and the ones below the line and closer to
the gas outlet nozzle were grouped as south. All parts were fabricated on

Table 1
EOS Ti64 Grade 5 HiPer 40 um process parameters and the calculated energy
density.

Parameter Set Infill Contour

Laser Power, P (W) 280 240

Scanning Speed, V (mm/s) 1300 900

Hatching Distance, h (um) 120 (single contour)
Layer Thickness, t (um) 40 40

Energy Density, E (J/mm?®)* 44.87 -
Power Density, E’ (J/mmz) — 6.67

"E=P/(Vxhxt).
" E'=P/(V x t).

Table 2
Chemical composition for AP&C plasma atomized Ti64 Grade 5 reported by the
manufacturer.

Chemical Composition

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

Titanium (Ti) Balance
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(b)

Fig. 1. The (a) top and (b) isometric view of the build layout.

support structures.

Lastly, the build plate contained 9 X-ray computed tomography
(XCT) coupons for defect characterization across the build plate (i.e.,
NW, N, NE, W, C, E, SW, S, and SE) for rapid qualification of the print
quality. The build plate density (i.e., defined as the fraction of the build
plate area occupied by parts) was 12 % which was well below 25 %
recommended by the EOS to prevent the excessive formation of
byproducts (e.g., spatter) [42]. The specimen IDs were also labeled on
each specimen in Fig. 1. For the reuse strategy, all the powder was
collected from the build plate and overflow bin, sieved using an 80-um
filter, and blended with the unused powder remaining from the previous
fabrication (see Fig. S1(b) in the Supplemental Material). This process
was conducted without adding any unused powder until the remaining
powder was not sufficient for subsequent iterations. For each set, ~20 kg
of powder was used to cover the whole build plate and fabricate the
parts, and ~ 2 kg was consumed for each fabrication without consid-
ering the wastes and filtered powder. The initial amount of powder (i.e.,
65 kg) was adequate to fabricate 8 times. Each fabrication was ~ 100 hrs
of exposure (i.e., a total of 800 hrs) which is among the highest exposure
hours in the literature [43].

After fabrication, the XCT and microstructure coupons were removed
from the build plate in the non-heat-treated (NHT) condition. The
remaining were stress-relieved (SR) at 704 °C for 1 h, followed by
furnace cooling in Ar. After SR, the parts were removed from the build
plate. The large and small square bars were machined to the geometry of
fatigue, and tensile specimens, based on ASTM E466 and E8M [44,45],
respectively, as shown in Fig. 2. This figure also shows the geometry of
high strain-rate fracture specimens and XCT coupons.

After machining, tension tests were conducted in displacement
control mode using an MTS Landmark load frame with 100 kN load cells
without further polishing. The strain-rate was kept constant at 0.001
mm/mm/s based on ASTM E8M [45]. An extensometer was used to
record the strain, and it was removed post yielding at 0.05 mm/mm.
High strain-rate fracture tests were performed using a Kolsky bar
apparatus with a striker velocity of ~ 40 m/s. The Digital Image Cor-
relation (DIC) method coupled with ultrahigh-speed photography was
employed to obtain time-resolved in-plane deformations on the spec-
imen surface. A Kirana-05 M camera (924 x 768 pixels) fitted with an
80-400 mm focal length lens and adjustable bellows was used to record

speckle images at a rate of 400,000 frames per second.

The experimentally measured displacements from DIC were exported
into Finite Element (FE) nodes as boundary conditions to evaluate the
fracture properties of interest, namely the J-integral [40,46] (further
details are provided in Section S4 in the Supplemental Material). Fully-
reversed fatigue tests (R, = -1) were run via the MTS Landmark and MTS
Bionix Tabletop load frames. The force-controlled tests were conducted
at 400, 500, 600, and 700 MPa stress levels with 6, 5, 4, and 3 Hz fre-
quencies, respectively, to probe fatigue behavior in the mid-cycle and
high-cycle fatigue regimes (MCF and HCF) based on ASTM E466 [44].
The different frequencies were used to ensure approximately the same
cyclic strain rates at all stress levels. Failure was defined as the complete
fracture of each specimen, and tests that did not fail before 5 x 10°
cycles (i.e., 107 reversals) were considered run-out.

Using a Zeiss Crossbeam 550 scanning electron microscope (SEM),
all fracture surfaces and the microstructure of Ti64 specimens were
investigated. The crack-initiating defect sizes were evaluated with the
FIJI software [47]. The chemical composition on the fracture surfaces
near the defects was also obtained by the Oxford energy-dispersive X-ray
spectroscopy (EDS) instrument. The microstructure in the NHT condi-
tion was also investigated for all prints via electron channeling contrast
imaging (ECCI) using the SEM. The images were obtained from the
longitudinal plane (i.e., along the building direction). A Zeiss Xradia 620
Versa was utilized for XCT scans to examine the defect content within
the specimens using a source voltage of 140 kV, power of 21 W, and a
voxel size of 5 um. The 3D visualizations and defect distributions were
obtained via Dragonfly Pro and FLJI, respectively.

Before each fabrication, the powder was sampled according to ASTM
B215 [48] from the feedstock bin. Some heat-affected (HA) powder with
particles ejected from the melt pools and near the gas flow outlet nozzle
(see Fig. S1(a) in the Supplemental Material) were also collected for
further investigations. All powder PSDs were analyzed using a Beckman
Coulter LS 13 320 Particle Size Analyzer using the laser diffraction
method. The concentration of interstitial elements (including O and N)
in powder batches was analyzed using LECO 736 Series Inert Gas Fusion
according to ASTM E1409 [49]. Powder rheological characteristics were
measured via an FT4 powder rheometer according to ASTM D7891 [50]
and the FT4 manual [51]. Powder characteristic measurements were
repeated four times to ensure repeatability.
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Fig. 2. The geometries of (a) round fatigue specimens with 5-mm straight gage diameter according to ASTM E466 [44], (b) round tension test specimen with 4-mm
straight gauge diameter according to ASTM E8M [45], (¢) XCT coupon, and (d) high strain-rate fracture specimen. All dimensions are in mm.

3. Experimental results
3.1. Powder characteristics

As seen in Fig. 3(a), the PSDs of the feedstock (i.e., the powder used
for fabrication) indicated a slight increase in particle size with powder
reuse. In addition, the corresponding Dy-values are reported in Fig. 3(c).
The Dy indicates that the x% of the particles have an equivalent diameter
smaller than the p-value [52,53]. The gradual increase of the p-values
can be ascribed to the removal of fine particles, which are easier to melt
and be attached to other particles and part surfaces [42,54]. Closer in-
spection of the PSDs showed a secondary peak in PSD of Print 8 powder
between 80 and 100 um. This peak corresponded to ~ 1 % of the total
population of Print 8 powder particles. This observation was quite
interesting as the sieve used for filtering the particles had a nominal size
of 80 pm. Therefore, it may be that some of these particles had low
aspect ratios (the ratio of minimum to maximum orthogonal di-
mensions) and passed through the sieve (e.g., elongated particles and
agglomerates) [3]. The particle size span (i.e., Dgyp-D10/Dsp [55]), which
characterizes the width of the PSD peak, did not change with the powder
reuse (i.e., 0.8 for all batches). The HA powder (i.e., the powder after

fabrication and near the gas outlet) PSDs were consistently larger than
the feedstock in all prints (see Fig. 3(b)).

The Doy value was exceedingly high in the HA powder, which was
attributed to the presence of very large particles that were either large,
resolidified melt pool ejecta or large agglomerates of smaller particles
due to heat exposure [56-59] (see Fig. 3(a-c)). The HA powder span was
twice the powder feedstock (i.e., 1.6), showing a wide range of particle
sizes. The particle circularity and aspect ratio were evaluated from the
2D images of the powder with microscopy (see Fig. 4). Some non-
spherical elongated particles were observed in Print 8. The aspect ra-
tios of particles 1, 2, and 3 in Print 8 (see Fig. 4(c) & (d)) were 0.5, 0.4,
and 0.4, with circularities of 0.7, 0.6, and 0.7, respectively. Such low
aspect ratio particles or agglomerates could possibly form due to the
collision of melt pool ejecta in the chamber environment [56]. These
particles were more frequently seen in the Print 8 powder due to longer
exposure to the laser [3]. Such agglomerates could pass through the
sieve and, with sufficient quantity, compromise powder spreading and
bed packing, potentially resulting in poorer mechanical properties of
AM parts [56,60].

The powder feedstock rheological characteristics were evaluated and
reported in Table 3. The basic flowability and specific energies can
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Table 3
A summary of powder rheological and bulk characteristics for Prints 1, 4, and 8.
Powder Characteristic Print 1 Print 4 Print 8
(Unused) (3x-Reused) (7x-Reused)
Basic Flowability Energy, BFE 277.75 £ 289.00 + 288.25 +

(mJ) 16.51 13.06 8.97

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

quantify the powder flowability by measuring the energy required for
the blade to move respectively downward or upward within the powder
bulk [53,61]. While the basic flowability energy did not exhibit signif-
icant change, the specific energy slightly decreased with powder reuse,
indicating some improvement in the powder flowability on the powder
bed during fabrication [55,62,63]. This flowability improvement with
powder reuse was also observed in cohesion values. The cohesion
evaluates the powder flow behavior when sheared. Lower cohesion can
represent a lower resistance to flow and a more uniform powder bed,
yielding less east-to-west location dependency of the parts on the build
plate [17,51,53,55,61].

The powder bed packing state improved with powder reuse. This
behavior was noted by evaluating the powder compressibility and
conditioned bulk density. The former indicates the volume change when
the powder is compressed [53], and the latter is measured when the
powder bulk is in a low-stress condition (i.e., loosely packed) [53,61].
Therefore, the reducing compressibility and increasing conditioned bulk
density at higher print numbers shown in Table 3 indicated the
improving packing state of metal powder bed with reuse [11,17,55].
This observation was consistent with the increasing pressure drop values
as reuse times increased [51]. A higher pressure drop can indicate a
more tightly packed powder bed; i.e., a better packing state [17,53].

As seen in Fig. 5(a), the concentrations of interstitial elements (i.e., O
and N) in the powder increased by powder reuse, similar to Ref. [54,62].
The O and N concentrations of the HA powders were also investigated
(see Fig. 5(b)). In the HA powder, the concentration of N significantly
increased beyond the threshold value with Print 8, whereas the con-
centration of O did not change significantly and maintained around the

International Journal of Fatigue 167 (2023) 107343

threshold value. Therefore, it was deduced that the increase of O and N
in the reused feedstock batches was due to the HA particles which passed
through the sieve and mixed with the feedstock powder [60,62]. The
increase in O and N contents has been ascribed to the exposure of
powder to residual gases in the chamber and those adsorbed to the
powder surface during powder handling at elevated temperatures dur-
ing fabrication [64], which intensifies with longer exposure hours.
However, the uptake of N in the HA powder was much more drastic than
the feedstock material. This may be due to the residual N, concentration
in the chamber after Ar purging being higher than that of O, at a 4:1
ratio [64]. Therefore, although Ti has a higher chemical affinity with O
rather than N [65], the hot melt pool ejecta could still react with the
residual N, easier.

These HA powder particles formed from ejecta were larger (see Fig. 3
(b)) and could be easily filtered out during sieving, which resulted in
considerably lower N uptake in the feedstock powder. Although no
characterization was conducted on the particles remaining on the sieve,
it is nevertheless interesting to investigate the fraction of N-rich particles
on the sieve in future studies. It is noteworthy that the amounts of O and
N in the feedstock powders were still well below the maximum
permitted amount per ASTM F2924 [41]. Some studies have associated
the increase in elements such as O and N with a decrease in Ti melting
temperature and consequently unstable molten flow [66], leading to
rougher surfaces and interrupted powder flow [67,68]. In this regard,
higher surface roughness was generally observed for the specimens
manufactured from the reused powder regardless of the location, which
was consistent with the PSD and chemical composition changes (see
Fig. S2 in the Supplemental Material). Although this work focused
mostly on the tensile and fatigue properties measured from surface
machined specimens, care must be taken if the specimens are tested in
their as-built surface condition due to the detrimental effects of surface
micro-notches [69,70].

3.2. Defect content and microstructure

The XCT witness coupons were used to track any discernible trends of
build quality with respect to powder reuse and location on the build
plate. Defects smaller than four times voxel size (i.e., 20 pm) were
removed to avoid false detection from noise. Upon XCT characterization,
some high-density pixels were also detected. Some studies have corre-
lated these dense pixels with secondary phase particles [71]. Since none
of the fatigue failures initiated from such inclusions, they were excluded
from the XCT analysis to only characterize the defect content. The re-
sults were then clustered in [20, 30), [30, 40), and [40, ) um size
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Fig. 5. The concentration of interstitial elements (O and N) in the (a) feedstock and (b) HA powders with respect to powder reuse. The feedstock and HA powders

were collected before and after fabrication, respectively.
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ranges and reported in Fig. 6.

As seen in Fig. 6, there was generally a decreasing trend in the
number and equivalent sphere diameter (i.e., the diameter of a sphere
whose volume equals that of the defect’s) of the defects by reusing the
powder up to Print 4. However, further powder reuse up to Print 8
increased both defect diameter and number compared with Print 4. In
addition, no clear trend in defect content was observed in the direction
of the powder delivery (i.e., recoater direction), although some minor
particle segregation was previously observed (see Fig. 3(d)). However,
consistent with the results in Ref. [33], the number of defects increased
along the gas flow direction, which may be attributed to melt pool ejecta
not being properly removed from the build chamber by the gas flow and
landing in such regions. This increase was more apparent for Print 8. The
maximum defect size did not show a clear trend with respect to powder
spreading direction. Although not significant, it somewhat increased in
the gas flow direction, especially for the reused powder.
As seen in the ECCI micrographs shown in Fig. 7, the changes in
microstructure with powder reuse were negligible in the NHT condition.
In Prints 1, 4, and 8 specimens, the darker phases appeared to be
martensitic (i.e., «’ and a*) due to high cooling rates associated with L-

Pﬂnt1
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PBF technology [1]. Although the rapid cooling was expected to
generate purely martensitic microstructure, the repeated reheating due
to the consolidation of the subsequent layers may have partially
decomposed the microstructure to a + p. Indeed, the phases with

brighter contrast appeared to be p due to the partial decomposition. The
grain size was almost comparable for all powders.

3.3. Tensile behavior

Tensile properties, including UTS, YS, and ductility (ef) were ob-
tained for all tension test specimens to analyze their location de-
pendency and the effect of reuse. Here, only the north and south
locations, i.e., the upstream and downstream locations of the shielding
gas flow, were of focus since no general trends in defect content were
observed in the powder spreading direction (i.e., east to west).
Accordingly, there were six specimens per reuse condition and location
(i.e., north and south). The results of the total of 36 tensile tests are
presented in Fig. 8. As seen in Fig. 8(a), an increasing trend in UTS was
noticeable with powder reuse in both the north and south specimens.

The YS also showed the same trend for both the location and the powder
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reuse (see Fig. 8(b)), which can be due to the low hardening rate of Ti64.
Although the relative changes in strength were small, i.e., ~2.5 %, they
were evidently beyond the scatter among the 6 tests in each specimen
condition (as indicated by error bars). As shown in Fig. 7, the micro-
structure of fabricated parts was not affected by powder reuse. There-
fore, the added strength with reuse was ascribed to some increase in O
and N concentrations in the powder (see Fig. 5(a)) and in the specimens,
which have both strengthening effects [65,72]. It is generally known
that O and N concentrations can increase strength and reduce ductility
[16,31,64,73-75]. Such changes in tensile properties have been asso-
ciated with the role of these solute atoms in twinning and slip restriction
[72,74]. In contrast, the influence of location on UTS and YS was
considerably less regardless of the powder condition (see both Fig. 8(a)
& (b)). Unlike tensile strength, the ef somewhat decreased with powder
reuse (see Fig. 8(c)). This decrease was more drastic for the specimens in
the south. Noting that the defect content was expected to improve at
Print 4 (see Fig. 6)—yet the ductility still reduced; thus, the role of O
concentration in the powder (see Fig. 5(a)) may have been significant.
Nevertheless, the tensile ductility observed in the south locations for
Print 8 was substantially lower than all other conditions, which could
have been contributed by the relatively high defect content witnessed in
the south of Print 8 and the increased O and N contents [76]. Noted that
all error bars indicated in Fig. 8 were calculated based on six tensile tests
per powder reuse condition and location (i.e., 36 tensile tests in total)
using two times standard deviation and represented by full bars. In
addition, the corresponding stress—strain diagrams for some of the ten-
sile tests are shown in see Fig. S10 in the Supplemental Material.

3.4. High strain-rate fracture behavior

High strain-rate tests were conducted on high strain-rate fracture
specimens following a methodology explained in detail in Section S4 of

the Supplemental Material. The J-integral or the energy release rate
histories for the horizontally built specimens (Loading axis and crack
were perpendicular to the build plate) from Prints 1, 4, and 8 (six
specimens per condition) are shown in Fig. 9. From the DIC images,
crack initiation was identified in each experiment, and that image or
dataset was identified as t = O ps to create a common reference time for
comparing all experiments. Therefore, negative and positive time in-
stants represent the response before and after the crack initiation,
respectively. It can be noted that the whole fracture event, from initial
contact to crack initiation and growth, lasted ~ 60 ps. The data in Fig. 9
(a) corresponds to the specimens from the north in each print. The J-
integral values overlapped until crack initiation (or time t ~ 0 ps), and
the variations were approximately parabolic. However, the values
showed differences at crack initiation.

The J-integral at crack initiation was the highest for specimens from
Print 8 at 19.4 kJ/m?, followed by Print 4 at 19.2 kJ/m?, and Print 1 at
18.6 kJ/m?2. The crack propagation behaviors had a similar response for
all prints. Hence, considering all three, Prints 4 and 8 had 3 % and 4 %
higher critical energy release rates than Print 1. The crack growth
resistance curves under dynamic loading conditions are shown in Fig. 9
(b). The crack growth was stable, as reflected by the non-negative slope
of the resistant curve (dJ/da ~ 0) after crack initiation. The slopes after
crack initiation also remained the same for all prints with just the dif-
ference in magnitude due to the higher critical energy release rate for
Prints 4 and 8.

The similarity of fracture behaviors of Ti64 specimens fabricated
from different locations on the build plate in Print 1 is shown by the J-
integral histories in Fig. 10(a) and crack growth resistance curves in
Fig. 10(b). As shown, there was no significant difference in the critical
energy release rate for the specimens from different locations, i.e., no
location dependency. Specifically, a maximum of 2 % difference was
observed between the south and north in Print 1. However, the
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experimental error was also ~ 2 %. Similar behavior was also observed
for Prints 4 and 8 (See Figs. S7 and S8 in the Supplemental Material). A
summary of high strain-rate fracture results at two different time in-
stants is reported in Fig. 11. In Fig. 11(a), critical energy release rates (t
= 0 ps) are shown for specimens fabricated in north and south locations,
and their values are listed in the table below the figure. It can be
observed that the difference in fracture properties because of the loca-
tion was within the experimental error (~2%). However, a discernible
difference was observed between Print 1 and Prints 4 and 8. The dif-
ference between Prints 4 and 8 was still within the experimental error.
Prints 4 and 8 had a 3 % and 4 % increase in energy release rate at t = 0
us compared to Print 1, respectively. In Fig. 11(b), energy release rates
during crack growth at t = 7.5 ps are shown for their respective north
and south locations. Similar trends of improved critical energy release
rate were observed for Prints 4 and 8 when compared to Print 1. As
discussed earlier, time t = 0 us was identified as the instant at which
cracks initiated on the surface of the specimen that was imaged. How-
ever, the crack might not have initiated uniformly over the entire crack
front of the specimen at the same time instant due to the finite thickness.
Hence, observing the behavior at a later time instant minimizes this
ambiguity. At t = 7.5 ps, however, Prints 4 and 8 showed a slightly
higher, 6 % and 7 %, increase in the energy release rate relative to Print
1, respectively.

3.5. Fatigue behavior & failure analysis

Since defect contents only showed significant variation along the gas
flow direction (see Fig. 6), fatigue performance was merely compared
between the north and south specimens. Among the specimens located
in the north, the ones in Print 4 had somewhat better fatigue perfor-
mance, followed by Prints 1 and 8 (see Fig. 12). However, in the south,
Print 1 outperformed Print 4 and 8. The better fatigue performance for
the reused powder in the north agreed with the results in Ref. [11],
which might have been due to the better packing state of reused powder
(see Table 3). The reduced fatigue performance in the north for Print 8
was perhaps due to the increased spattering activities caused by the
increased O and N contents in the powder. South locations were at the
downstream of the shielding gas, and the effect of spattering was,
therefore, more significant. As a result, reduced performance in the
south was seen as early as Print 4. Location dependency of fatigue
behavior for specimens from Prints 1, 4, and 8 was characterized and
presented in Fig. 13. The specimens fabricated in the south generally had
lower fatigue lives irrespective of the powder reuse.

The south-to-north difference was less significant in Print 1. As the
powder was reused, the gap became more distinct in Print 4. With
continued reuse, the gap appeared to become small again in Print 8. This
interesting behavior may be related to changes in defect content within
the specimens in the north and south due to powder reuse. As briefly
discussed in the Introduction, the increased O and N concentrations in
powder with reuse tend to induce more frequent spattering, which can
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form more defects of larger size. Due to the shield gas flow, more pro-
nounced excessive defect formation first occurred at the downstream
locations (south), and as O concentration increased, it proliferated
gradually to the north. This hypothesis is tested in Section 4 with
complete information on critical defects’ size.

A summary of all force-controlled fatigue tests is reported in Table 4.
Fracture surfaces of all fatigue specimens were examined, and the size
and location of the crack initiating defects are also listed in Table 4. In
this table, the defect size was measured based on Murakami’s /area
approach. In this method, defects were classified based on their location
from the surface (i.e., internal or at the surface). When the defect is
neither internal nor at the surface, i.e., sub-surface, the whole defect and
the adjacent area between the defect and surface were considered as the
area, provided that its size is larger than the distance to the free surface
[77]. A visual illustration of fatigue lives of failed specimens and the
corresponding defect size is shown in Fig. S11 in the Supplemental
Material. Some notable fracture surfaces are also shown in Fig. 14. One
of the specimens of interest was Sp. 1, which was located the closest to
the shielding gas outflow nozzle and had lower fatigue life than other
specimens at the same stress level. As seen in these figures, all failures
initiated from irregular-shaped lack-of-fusion defects, typically larger
for the specimens located in the south (i.e., Sp 1 and 27). It was reported
that excess O content (e.g., in the form of oxides) could also promote the
formation of such lack-of-fusion defects, possibly via spattering, in Ti64
[5].

As evident in Fig. 14 and Table 4, the size of defects increased with
reusing the powder for the south specimens compared to Print 1. The
equivalent defect size was measured based on Murakami’s approach
[53,78,79] and found to be 81, 162, and 151 um, respectively, for Print
1, 4, and 8 specimens. This observation was consistent with the O pickup
noted with powder reuse, which could have resulted in more spatter. In
addition, due to the higher probability of spatters landing in the south
region, the defects in these specimens were somewhat larger (see
Table 4). The equivalent defect size in the Print 1-south specimens was
81 and 93 um, respectively, whereas it was 71 and 81 pm for the case of
Print 1-north specimens.
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Fig. 13. Stress-life fatigue behavior of L-PBF Ti64 Grade 5 specimens from Prints (a) 1, (b) 4, and (c) 8 in the north and south regions.

Table 4
A summary of fully-reversed (R, = -1) force-controlled fatigue tests for L-PBF Ti64 specimens in machined surface conditions for Prints 1, 4, and 8 with the corre-
sponding equivalent defect size and location, including internal (I), surface (S), and sub-surface (SS).

ID 0,(MPa) Print 1 Print 4 Print 8
2N¢ Size (um), 2N¢ Size (um), 2N¢ Size (um),
(Reversals) Location (Reversals) Location (Reversals) Location
South
22 400 > 10,000,000 > 10,000,000 > 10,000,000
01 500 491,454 81,1 299,142 162, 1 242,984 151,1
27 500 694,022 93,1 615,804 82,1 297,506 153,1
38 500 4,855,624 34,1 > 10,000,000 1,346,636 102, SS
18 500 > 10,000,000 > 10,000,000 3,937,652 42,1
03 600 314,492 129,1 185,184 105, 1 151,290 125,1
42 600 561,396 49,1 338,338 159, 1 265,448 171, SS
14 600 737,294 65, SS 120,800 116, SS 155,806 121,1
25 600 886,098 46, 1 343,684 108, I 80,364 99, SS
09 700 135,700 79,1 63,978 127, SS 59,608 106, I
33 700 145,022 57,1 115,778 95,1 126,954 69,1
46 700 216,606 59,1 343,570 45,1 213,604 52,1
North
69 500 2,540,668 71,1 8,064,276 49,1 3,767,278 67,1
94 500 2,791,038 81,1 4,116,082 56, I 5,801,358 41,1
79 500 6,544,252 47,1 > 10,000,000 > 10,000,000
58 500 > 10,000,000 > 10,000,000 > 10,000,000
81 600 328,582 32,8 944,152 20,1 150,684 41,1
92 600 434,968 33,8 1,904,194 56, SS 568,282 74,1
56 600 840,764 53,1 1,700,638 76, SS 106,902 36,1
71 600 1,572,070 50, I 2,879,354 36,1 1,307,644 52,1
73 700 167,730 112, S 321,576 23,1 106,318 41,1
87 700 171,618 28,1 260,672 23,1 468,616 34,1
50 700 203,216 31,1 339,696 34,1 150,650 28,S
64 700 431,318 31,1 83,640 36, 1 375,512 37,1

11
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Fig. 14. Fracture surfaces of fatigue specimens including (a) Print 1-Sp1, (b) Print 4-Sp1, (c) Print 8-Sp1, (d) Print 1-Sp27, (e) Print 1-Sp 69, and (f) Print 1-Sp 94. All
specimens were tested at 500 MPa stress amplitude. The fatigue life corresponding to each specimen is labeled on each figure. The yellow arrows indicate the crack
initiation sites, and the crack-initiating defects are enclosed by yellow dashed lines in the zoomed-in images. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
4. Discussion on experimental results

It is well established that the size of critical defects resulting in fa-
tigue failures follows the largest extreme value Gumbel distribution
[80]. In this regard, \/area of defects were measured based on Mur-
akami’s approach [77]. Then, the defects were ranked based on their
size from the smallest to the largest one. Lastly, the reduced variate (Y;)

was obtained by:
Y:= —In(—In(i/N +1)) (@]

where i is the rank and N is the total number of critical defects. The
plots of the reduced variates of different prints for both north and south

12

locations are presented in Fig. 15(a) & (b), respectively. As seen in
Fig. 15(a), the critical defects in the fatigue specimens well obeyed the
largest extreme value Gumbel distribution with R? values>0.80 for all
conditions. In addition, it was seen that in the north, the smallest critical
defects occurred in Print 4 specimens. In the south, however, the largest
defect was in Print 8, followed by Print 4, which were both considerably
larger than that of Print 1. The cumulative and probability density
functions (CDF and PDF) were also evaluated using equations (2) and (3)
according to ASTM E2283 [81]:
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Table 5
Location (A) and scale (§) parameters of the Gumbel's extreme value
distribution.

Gumbel Parameters Print 1 Print 4 Print 8

Build Plate Location North South North South North South
Location Parameter, A 40 57 33 95 39 89
Scale Parameter, & 21 22 14 29 12 33

PDF(x) = 1/5[exp( - (1 [areqefee; — /1) /5) ] X exp [ — exp( — (1 ared e

—4)/8)]
@

CDF(x) = exp[ —exp( — (/aredagea —2)/6) ] ®

where the A and 8 are location and scale parameters, respectively,
and their values are reported in Table 5 [53,81].

The statistics of fatigue critical defect size, presented in Fig. 15,
appeared to be in good agreement with the orders of data presented in
Fig. 13 that the difference in fatigue life between north and south was
small in Print 1, which became larger in Print 4 and small again in Print
8. In order to better quantify the change in location dependency, the log-
normal distributions of fatigue lives for all prints and locations at the
stress amplitude of 600 MPa were indicated in Fig. 16. The reused fa-
tigue life improved in the north of Print 4, which was noted in Fig. 12,
and clearly evident in Fig. 16. Comparing the PDF curves in Fig. 15(c) &
(d), it is evident that the ranges of critical defects in both north and south
were essentially identical for Print 1.

This indicates the fabrication with unused powder had very limited
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Fig. 16. The log-normal distribution of fatigue lives for Prints 1, 4, and 8 in the
north and south at the stress amplitude of 600 MPa.

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

5. Conclusions

This study investigated the effects of reusing plasma atomized Ti-
6Al-4V Grade 5 powder in an L-PBF system on microstructure,
porosity, and mechanical properties. In addition, parts were distributed
across the build plate to evaluate the effect of location on the part me-
chanical performance. The following conclusions were drawn based on
the experimental results and analysis:

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

Reusing the powder up to 7x did not affect the microstructure. Based
on the X-ray computed tomography scans performed on the witness
coupons, the defect size and count generally increased in the direc-
tion of gas flow, which was attributed to the spattering during
fabrication. Limited powder reuse up to 3 times appeared to decrease
the defect content; however, it increased again with further reuse.
The yield and ultimate tensile strength gradually increased with
powder reuse up to 7x by ~ 2 % due to higher oxygen concentration
in reused powders. In addition, specimens closer to the gas flow
outlet (i.e., downstream/south) had higher strength by ~ 1 % due to
more heat-affected powders in this zone and, consequently, higher
oxygen content. Tensile ductility had an opposite trend, indicating
lower ductility for the specimens manufactured from reused powder
up to ~ 10 % and/or closer to the gas flow outlet up to ~ 18 %.
The high strain-rate fracture behavior of specimens from the reused
powder showed a higher critical energy release rate (3—4 %) because
of the increased yield strength. However, no location dependency
effect on the fracture behavior was noticed.

Although limited powder reuse (up to 3x) could moderately reduce
defect content in parts and improve the fatigue performance of the
specimens closer to the gas flow inlet, it generally decreased fatigue
resistance due to higher oxygen content and spattering when reuse
was excessive (up to 7x) and/or fabrication was at downstream
locations.

Results showed that some mechanical properties, including tensile
strength and high strain-rate performance, were less sensitive to
changes in powder and location in L-PBF Ti64. However, care must
be taken for fatigue-critical applications, where defect factors (e.g.,
size, shape, and location) can play a major role.

The knowledge obtained in this study can provide further insight into
different sources of variabilities (i.e., location and powder) of part
performance. Controlling or monitoring such variabilities during the L-
PBF fabrication can result in more reliable parts or ones with more
predictable mechanical properties, which is essential for the qualifica-
tion and certification of AM parts in load-bearing critical applications
[82,83].
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