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Additive manufacturing technology has enabled industries to generate func-
tional parts with an increased level of complexity via layer-by-layer fabrica-
tion. In laser-powder bed fusion (L-PBF), powder is often recycled due to its
high cost. However, there is no comprehensive study on how powder recycling
affects its rheological properties, as well as the mechanical and fatigue
behavior of the manufactured part. This study compares powder character-
istics and mechanical performance of as-built and machined specimens fab-
ricated from new and heavily used Ti-6Al-4V powder. Powder characteristics
include particle size distribution and morphology, flowability, apparent den-
sity, compressibility, thermal conductivity, oxygen concentration, and more.
Results indicate that particle size distribution becomes narrower and flowa-
bility increases with recycling. Not a significant effect of recycling was ob-
served on the monotonic tensile and fatigue behavior of specimens in the as-
built surface condition. However, machined specimens fabricated from used

powder demonstrated longer fatigue lives in the high cycle regime.

INTRODUCTION

Additive manufacturing (AM) provides a unique
opportunity to generate complex and/or customized
parts. The two most common metal AM methods are
directed energy deposition (DED) and powder bed
fusion (PBF). In the PBF method, unlike subtractive
conventional manufacturing, parts are fabricated in
a layer-wise fashion using metallic powders. Laser-
powder bed fusion (L-PBF), a type of PBF process,
uses a laser as the energy source. In this process,
the metal powder is spread over the substrate, and
the laser fuses the new layer to the previously
fabricated one in a selective manner. After the
desired part is fabricated, the used powder can
either be discarded or recycled. If recycled, the
powder from the build envelope and collector bin is
sieved to remove spatter or debris and then mixed
with any remaining, unused powder in the feed bin.
Due to the high cost of metallic powders, specifically
Ti-6Al-4V, powder recycling can be a viable option
for cost reduction. However, only few studies have
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been conducted on the powder recycling and its
effects on the final mechanical and fatigue behavior
of the fabricated part.’

Powder is defined as a finely divided solid that is
smaller than 1 mm in its maximum dimension.?
Powder properties have been classified based on
their morphology such as particle size, shape, and
surface roughness; chemistry including the bulk
and surface chemistry; and microstructure consist-
ing of internal porosity and crystal structure.®™
Properties such as particle size distribution (PSD),
flowability, and oxygen content have been shown to
affect the properties of the AM fabricated
parts.*~* For example, Nandwana et al.® found
that variations in PSD and apparent/bulk density
affected the porosity of the parts fabricated from Ti-
6Al-4V. Liu et al.’® concluded that a narrower PSD
in 316L stainless steel increases flowability, leading
to parts with higher ultimate tensile strength
(UTS), and increased hardness. However, a wider
PSD decreased flowability due to agglomerates
formation as a result of higher friction between
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particles. It was also reported that wider PSD led to
higher densities since finer particles can fill the
vacancies between larger particles.'®

Metal powder characteristics can also be affected
by process conditions and environment. For
instance, it has been observed that a humidity
increase within the metallic powder may result in
agglomeration and, consequently, an effect on
flowability.? In addition, it has been found that
different mixtures of new and used powder (e.g.,
25:75, 50:50, and 75:25) can affect the basic flowa-
bility energy (BFE), defined as the amount of energy
required to move the blade within the powder, and
that flowability does not change linearly with the
amount of new powder in the mixture.'”

Some recent studies have investigated the effects
of recycling on the powder characteristics and,
subsequently, the mechanical behavior of AM parts
for different material systems such as stainless
steels, %17 Inconel 7181 and Ti-6Al-4V.~%-19-23
Jacob et al.'® fabricated 11 similar L-PBF builds
using new and used nitrogen atomized 17-4 PH
stainless steel powder, and they evaluated hard-
ness, tensile behavior, and surface roughness of the
parts as the powder was reused. An increasing
trend between flowability and apparent density
with the number of recycling iterations was
observed. No comparable change in powder PSD,
particle shape, surface roughness, and mechanical
behavior due to recycling was reported. Nezhadfar
et al.'” compared the powder properties and
mechanical behavior of parts fabricated from new,
5-, 10-, and 15-times recycled stainless steel 17-4. It
was observed that the flowability of the powder
recycled for five times was the highest amongst all
batches. Additionally, an increase in reduction of
area (RA) and elongation to failure was reported for
the parts fabricated from 5-times recycled powder.
Ardila et al.’® studied two L-PBF batches from new
and 14-times used argon-atomized Inconel 718
powder. The recycling process involved sieving the
powder to eliminate agglomerations and drying in
the oven with air circulation to remove moisture. No
comparable change was observed in the powder nor
in the part properties including toughness, porosity,
and microstructure. It was claimed that the recy-
cling methodology was responsible for minimum
differences between fabricated parts.

Similar studies conducted on Ti-6Al-4V powder
recycling have reported changes in powder PSD,
flowability, oxygen content, and particle shape.
Seyda et al.® found a narrower PSD, increased
flowability, and apparent density, after 12 recycling
iterations. An increase in surface roughness, overall
size of the pores, and a reduction in total number of
pores in the L-PBF Ti-6Al-4V fabricated samples
were also reported. In addition, a small increase in
the hardness of parts fabricated from used powder
was observed, which was attributed to the powder
oxidization, and trapped oxygen atoms in the melt
pool during fabrication. This oxygen pick-up was
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credited to the exposure of the powder to the
atmosphere during sieving and parts removal from
the chamber. O’Leary et al.?° found that the number
of particles less than 15 ym decreased, while parti-
cles larger than 45 um increased after five recycling
cycles. No changes in the interstitial oxygen and
nitrogen contents within the powder composition
were reported. However, a noticeable amount of
absorbed oxygen was found in the L-PBF manufac-
tured parts, which was the highest for build one,
and it exceeded the allowable oxygen content (i.e.,
0.2 wt.%) for Ti-6Al-4V grade 5 and 23 specified by
the ASTM F2924-14 Standard.?* The amount of
oxygen content within the parts was shown to
decrease with recycling.

Nandwana et al.'? fabricated Ti-6A1-4V parts via
electron beam melting (EBM) and reported no
substantial change in PSD and flowability of the
powder after five recycling iterations. Although an
increase in oxygen content of the powder and part
was noticed as the powder was recycled, the overall
oxygen content was still below the acceptable value
according to the ASTM F2924-14 Standard.?* In
another study of Ti-6Al-4V parts fabricated via
EBM,” powder was recycled 21 times. Results
showed a slight increase in the oxygen content of
the powder due to recycling. It was also seen that
the powder particles became less spherical, while
tensile properties of the produced specimens were
not affected.

The aforementioned studies have demonstrated
changes in powder characteristics due to recycling
and the subsequent effects on the porosity and in
some cases static mechanical properties. However,
depending on the application, AM parts may be
under cyclic loading. Therefore, there is a need to
evaluate the fatigue performance of parts fabricated
using recycled (i.e., used) powder to help with
qualification and certification of AM products.?~2
In this study, the rheological properties of new and
heavily recycled Ti-6Al-4V powder are character-
ized. The L-PBF specimens are then subjected to
quasi-static tensile and fatigue loading. Finally, an
attempt is made to correlate the mechanical testing
results with the changes in the powder
characteristics.

EXPERIMENTAL PROGRAM
Material and Powder Characterization

Gas-atomized Ti-6Al-4V Grade 23 powder manu-
factured by LPW Technology with a particle size
distribution of 15-45 ym (as reported by the man-
ufacturer) was used for this study. The powder was
used in two conditions; new (i.e., virgin) and used
(recycled for 15 times). It is also important to
mention that the recycling procedure involved fil-
tering the used powder with an 80-um mesh size
sieve after each print. Particle size distribution
analysis was conducted via a Malvern Mastersizer
3000 Hydro EV laser diffraction, as suggested by the
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ASTM E2651-13 Standard.?® The powder used for
characterization was sampled according to the
ASTM B215-15 Standard® by taking equal incre-
ments from different depths of the container. The
thermal conductivity of both powder samples was
analyzed using a C-Therm TCi thermal analyzer. A
Freeman Technology FT4 powder rheometer was
used to analyze powder characteristics including
permeability, compressibility, density, and aeration.
In addition, the interstitial gas content of the
material including oxygen and nitrogen was further
analyzed by an inert gas fusion method via LECO
ONH-836 following the ASTM E1409-13
Standard.?!

Specimen Fabrication

Laser-powder bed fusion Ti-6Al-4V specimens
were fabricated using an EOS M290 system in two
separate batches, one from new (i.e., never used
powder) and one from heavily used powder (i.e.,
recycled for 15 times). The number of prints may not
have much meaning here because different parts
were printed with the used powder batch. EOS
default process parameters were used, including
280 W laser power, 1,200 mm/s travel speed,
100 mm stripe width, 140 ym hatch spacing, 67°
hatch rotation, and a 30-um layer thickness. Net-
shape round specimens with a uniform gage section
having a 3.75-mm gage diameter and a 15-mm gage
length were fabricated vertically (i.e., 90° from the
build plate) with argon as the shielding gas. In
addition, 11-mm square rods were fabricated verti-
cally on the same build plate. After fabrication, all
parts were stress relieved at 704°C in an argon
atmosphere for 1 h and then air cooled to room
temperature. Post stress relief, the 11-mm-squared
rods were machined to the same geometry as the
net-shape specimens; then the gage section was
polished to a 0.45-um surface finish, hereon referred
to as a “machined” (M) condition. No further
polishing was done to the net-shape specimens after
heat treatment; therefore, it was considered to be in
the “as-built” (AB) condition. It is important to
emphasize that the only two variables were the Ti-
6Al-4V powder (i.e., new and used) and the surface
condition (i.e., as-built and machined); a great effort
was put into keeping all other variables, such as
specimen layout on the build plate, shielding gas,
etc., consistent.

Mechanical Testing and Fractography

Quasi-static tensile and strain-controlled fatigue
tests were conducted using an MTS 810 servohy-
draulic system. An MTS extensometer with a 10-
mm gage length was used to record strain and run
strain-controlled fatigue tests. Tensile tests, based
on the ASTM E8 Standard,*? were performed at the
strain rate of 0.001 s~! on four as-built specimens,
two of which were fabricated from new powder and
two from used powder. It is important to mention

that specimens with the same geometry designed
for fatigue testing were used for tensile testing.
Fully reversed (R, = —1) strain-controlled fatigue
tests were conducted according to the ASTM E606
Standard.®® The strain amplitude values, &,
selected for this study were 0.001 mm/mm, 0.003
mm/mm, and 0.005 mm/mm for as-built specimens
and 0.004 mm/mm, 0.005 mm/mm, and 0.007 mm/
mm for machined specimens. These strain ampli-
tudes were selected as they cover low, mid, and high
cycle fatigue (HCF) regimes. The test frequency was
adjusted for each ¢, to eliminate strain rate effects
on the fatigue behavior. Fatigue experiments that
reached over 2 x 107 reversals were stopped. At
least three fatigue tests for each strain amplitude
were conducted for verification of results. Speci-
mens from the same location on the build plate, but
from different builds (i.e., with new and used
powder), were tested under the same parameters
and conditions. Fractography analysis was per-
formed on failed specimens using a Keyence VHX-
6000 digital microscope. Each fracture surface was
examined to find defects such as gas pores or other
phenomena responsible for crack initiation and
subsequent propagation prior to final fracture.

EXPERIMENTAL RESULTS AND OBSERVA-
TIONS

Powder Characteristics

The particle size distributions of new and used
powder samples are presented in Fig. 1a. As seen in
the figure, the distribution becomes narrower for
the used powder. This can be explained by the gap
between the wiper/recoater and the substrate not
being larger than 50 um; hence, finer particles
(smaller than 50 ym) are spread on the build plate
and participate in the melting and solidification
processes during manufacturing. However, particles
greater than 50 yum may be transferred to the
collector bin. After completion of each print, the
powder is sieved and mixed with the remainder of
the powder in the feed bin. Repeating this procedure
will lead to narrower PSDs as particles that are
smaller than 50 yum are melted and solidified, while
larger particles get filtered when going through the
80-um mesh size screen. This may also be explained
from Fig. 1b, where the particle diameters within a
sample of the new or used powder are measured five
times and classified according to D90, D50, and D10
values. For example, in the figure, D90 indicates
that 90% of the particles within the powder sample
are less than 64 ym for the new powder and 52 um
for the used powder. Results show that the D90 and
D50 of the new powder are larger than the ones of
the used powder, indicating the filtration of larger
particles while going through the sieve screen.
However, the D10 values are approximately the
same for both powder samples. Similar trends on
the narrower PSD after recycling were also reported
in Ref. 7.
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Fig. 1. Comparison of new and used Ti-6Al-4V powder properties: (a) particle size distribution (PSD), adapted from Ref. 22; (b) D values of
particles (D10, D50, D90); (c) new; and (d) used particle morphologies obtained via SEM, (e) pressure drop versus applied normal stress within
the powder bulk, (f) basic flowability energy (BFE), (g) thermal conductivity, and (h) interstitial gas contents.
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Representative powder morphology, obtained via
scanning electron microscopy (SEM), is shown in
Fig. 1c and d, respectively, for new and used
powder. Results indicate that fewer “satellites,”
i.e., smaller particles attached to the larger parti-
cles,! were observed in the used powder when
compared to the new one. It was also observed that
most particles remain spherical after being recycled.
Permeability has an inverse correlation with pres-
sure drop versus applied normal stress, which is
shown in Fig. le. The permeability of the powder
bulk is a measure of how easily a fluid (i.e., argon
gas) can flow between the powder particles, which
can correlate to the powder flowability.?>* The per-
meability of the used powder is lower than the new
powder as the pressure drop of the used powder is
higher than new powder, as seen in Fig. le. In
addition, the BFE of both powder samples, which
can help to quantitatively characterize the flow
resistance during constrained -circumstances, is
shown in Fig. 1f. The BFE of the used powder is
lower than new powder, indicating the better flowa-
bility of the used powder.

Metal powder thermal conductivity, k, plays a
significant role in the AM process. Different k&
values may lead to different cooling rates and
thermal histories. The thermal conductivity of both
powder samples is shown in Fig. 1g, where a slight
increase in thermal conductivity of used powder is
observed. The measured thermal conductivities in
this study are close to the value reported in Ref. 35
for Ti-6Al1-4V powder at 1 bar. The interstitial gas
content of the powder is shown in Fig. 1h. As it can
be observed, the oxygen content has slightly
increased due to recycling. This can be elucidated
by the intrinsic essence of Ti-6Al-4V to react with
oxygen.'?36  However, the nitrogen content
remained almost constant.

Microstructure and Tensile Behavior

The microstructure of L-PBF Ti-6Al-4V speci-
mens fabricated from new and used powder is
shown in Fig. 2a and b, respectively. As can be seen
in these figures, there are no significant differences
between grain morphologies. Both microstructures
are composed of a fine acicular o microstructure
within the columnar prior-f grains oriented parallel
to the build direction. Since negligible differences in
grain size, shape, and distribution were observed,
powder recycling is not considered to have much
effect on grain morphological features.

Quasi-static tensile stress—strain curves of L-PBF
Ti-6Al-4V specimens fabricated from new and used
powder batches are presented and compared to the
one of wrought Ti-6A1-4V®7 in Fig. 3. It may be seen
that the yield and ultimate tensile strengths of L-
PBF Ti-6Al1-4V are higher (10%, and 5%, respec-
tively) than the ones of the wrought counterpart,
while their elongation to failures are similar. Ten-
sile stress—strain results show no significant
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Fig. 2. Microstructure images of L-PBF Ti-6Al-4V specimens
fabricated with (a) new and (b) used powder.
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Fig. 3. Tensile deformation comparison of L-PBF Ti-6Al-4V
specimens fabricated with new and used powder, adapted from
Ref. 22 as well as with wrought Ti-6Al-4V, adapted from Ref. %’
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changes in yield and ultimate tensile strength,
neither in elongation to failure for specimens fabri-
cated from new and used powder.

Fatigue Behavior

Strain-controlled fatigue test results of L-PBF Ti-
6Al1-4V specimens fabricated from new and used
powder are presented in Table I. Included in the
table are the surface conditions (i.e., as-built (AB) or
machined (M)), first cycle modulus of elasticity, E,
strain amplitude, ¢,, mid-life stress amplitude, o,
and mean stress, o¢,,, as well as the number of
reversals to failure, 2Ny

Semi-log plots of ¢, versus 2N, for the as-built and
machined specimens are presented in Fig. 4a and b,
respectively. In addition, o, versus 2N, semi-log
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plots for the as-built and machined specimens can
be seen in Fig. 4c and d. Horizontal arrows indicate
experiments for which the fatigue life reached over
2 x 107 reversals with “no failure.” As seen in
Fig. 4a, fatigue lives of new and used powder
specimens in the as-built condition are similar at
&, = 0.0056 mm/mm and 0.003 mm/mm without
much scatter. However, at ¢, = 0.001 mm/mm, i.e.,
high cycle regime, a wide scatter is seen for both
specimen sets, although again no effect of powder
recycling can be noticed. As seen in Fig. 4c, the
stress amplitude values of new and used powder
specimens in the as-built condition showed no
differences. Neither beneficial nor detrimental
effects of powder recycling on the fatigue behavior

Table I. Summary of fully-reversed strain-controlled fatigue tests for L-PBF Ti-6Al1-4V specimens fabricated
with new and used powder. Specimens were tested in the as-built (AB) and machined (M) surface conditions

Surface condition AB/M E GPa &, mm/mm ¢, MPa om MPa 2N reversals
New powder

AB 111 0.005 622 -6 6,316
AB 111 0.005 626 5 7,964
AB 109 0.005 609 23 8,040
AB 110 0.003 374 -3 37,404
AB 108 0.003 368 -6 37,782
AB 110 0.003 374 — 12 38,360
AB 111 0.001 121 5 1,057,596
AB 109 0.001 116 -2 1,128,944
AB 109 0.001 123 1 > 20,013,686
M 119 0.007 824 3 17,384

M 119 0.007 844 - 13 27,192

M 119 0.007 831 -7 30,288

M 120 0.005 601 -5 173,508
M 119 0.005 597 -1 449,698
M 120 0.005 599 -6 949,348
M 119 0.004 479 3 250,248
M 120 0.004 484 -2 1,264,620
M 118 0.004 468 4 1,547,480
M 119 0.004 478 4 1,670,566
Used powder

AB 108 0.005 615 - 11 7,528
AB 109 0.005 606 -4 7,822
AB 110 0.005 624 -7 8,924
AB 110 0.003 369 1 27,848
AB 109 0.003 354 -4 37,920
AB 110 0.003 365 -4 44,080
AB 110 0.001 120 1 722,494
AB 110 0.001 122 -4 > 20,065,918
AB 109 0.001 122 0 > 20,742,612
M 121 0.007 845 - 11 14,978

M 118 0.007 827 -1 15,192

M 119 0.007 831 -1 25,356

M 120 0.005 600 1 69,198

M 119 0.005 597 -7 75,938

M 120 0.005 602 12 1,230,696
M 120 0.004 479 -3 8,657,266
M 120 0.004 480 -3 9,448,566
M 120 0.004 481 1 9,833,200
M 119 0.004 480 2 > 20,034,406
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Fig. 4. Strain-life comparison of L-PBF Ti-6Al-4V specimens fabricated with new and used powder in (a) as-built (AB), adapted from Ref. 22 and
(b) machined (M) surface conditions. Stress-life comparison in (c) AB and (d) M surface conditions.

can be concluded for specimens with the as-built
surface condition.

As seen in Fig. 4b, machined specimens fabri-
cated from new and used powder batches exhibit
similar strain-life fatigue behaviors at ¢, = 0.007
mm/mm. At g = 0.005 mm/mm, however, a wide
scatter in both datasets can be noticed, and the
results indicate neither beneficial nor detrimental
effects of powder recycling. Remarkable differences
can be observed at ¢, = 0.004 mm/mm as the fatigue
lives of machined specimens fabricated from used
powder are significantly longer than the ones of
specimens fabricated from new powder. Finally,
negligible differences in the stress amplitude values
of machined specimens fabricated from new and
used powder were observed, as shown in Fig. 4d. In
conclusion, it appears that recycling the powder
may improve the fatigue resistance of machined L-
PBF Ti-6Al1-4V specimens in the high cycle regime.

Fractography Analysis

Digital microscopy was used on the fracture
surfaces to identify crack initiations from any
internal pores or surface defects for as-built and
machined specimens fabricated from new and used
powder batches. For as-built specimens, it was
found that all failures originated from micro-
notches on the rough surface of specimens regard-
less of being fabricated from new or used powder.
An example is shown in Fig. 5 for a specimen
fabricated from used powder and tested under
0.001-mm/mm strain amplitude. As can be seen,
there are at least five crack initiation sites (indi-
cated by the red arrows) in proximity of each other
on the fracture surface. The crack propagation
region is outlined by the dashed line.

For machined specimens, cracks initiated from
internal, often close-to-surface pores. In some cases,
cracks were observed to initiate from pores brought
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Fig. 5. Fracture surface of a L-PBF Ti-6Al-4V specimen fabricated
with used powder in the as-built condition tested under strain-
controlled fully reversed 0.001-mm/mm strain amplitude with a
fatigue life of 722,494 reversals. Crack initiation locations are shown
with arrows.

to the surface by the machining process. Examples
for machined specimens tested at ¢, = 0.005 mm/
mm are shown in Fig. 6a, b, and c. An enhanced
view of the crack initiation site for each fracture
surface is also included. The dashed lines in these
figures mark the transition from the crack propa-
gation stage to the final fracture stage of fatigue.
Figure 6a shows crack initiation from a defect with
the size of 3730 um? on the fracture surface of a
specimen fabricated from used powder and a fatigue
life of 69,198 reversals. Figure 6b shows crack
initiation from a surface defect with the size of
774 um? (a pore that was brought to the surface by
machining) for a specimen fabricated from used
powder with a fatigue life of 75,938 reversals.
Finally, Fig. 6¢c shows crack initiation from an
internal pore with the size of 1603 um® on the
facture surface of a specimen fabricated from used
powder with a fatigue life of 1,230,696 reversals.
Although no trend between powder batches and the
type of defects was found, one could conclude that
the combination of defect size and location was the
major factor affecting the fatigue life of specimens
regardless of being fabricated from new or used
powder.

DISCUSSION ON EXPERIMENTAL OBSER-
VATIONS

The existence of finer particles in the powder
batch may contribute to defect formation as they
spatter easier from the deposited layer when the
laser scans the selected area.” On the other hand,
the existence of the same finer particles in the
powder batch can fill the void spaces between larger
particles, which may lead to less porosity in the
fabricated part.l*!%3%39 Therefore, other powder
characteristics such as flowability need to be taken
into consideration when reporting powder
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specifications. 9111619 Tn addition to PSD, pow-
der flowability can play a big role in the quality of
fabricated parts. It has been reported that a wider
PSD may impede the powder flow by forming
agglomerates because of higher interparticle fric-
tions of the finer particles.*'° It may be assumed
that the new powder with higher permeability,
shown in Fig. le, can flow better. However, due to
the wider PSD and existence of finer particles, the
new powder tends to move with more agglomerates.

The new powder tendency to move in agglomer-
ates may also be explained by the BFE level, as
shown in Fig. 1f. Accordingly, more energy is
required to flow the new powder as compared to
the used one, indicating less flowability of the new
powder. In addition, apparent density was found to
be lower for the new powder compared to the used
powder (2% difference), which can be attributed to
the relatively higher interparticle frictions and
cohesion in the new powder, as also reported by
Seyda et al.” As a result of wider PSD, larger BFE
and smaller apparent density of the new powder,
there might be a more uneven layer distribution of
the powder on the build plate that can potentially
cause more defects in the final part.»%11:15:40

As shown earlier, changes in mechanical proper-
ties (e.g., yield strength) of specimens fabricated
from new and used powder were negligible. These
results differ from other studies such as Tang et al.,”
where the yield and ultimate tensile strength
increased with powder recycling iterations due to
higher oxygen content in Ti-6Al-4V parts produced
by EBM. Seyda et al.® observed a decrease in
ultimate tensile strength with recycling iterations
due to the formation of larger pores near the surface
of the L-PBF Ti-6Al-4V specimens. However, based
on the results presented by Quintana et al.?® for L-
PBF Ti-6Al1-4V on the effects of oxygen content, and
Jacob et al.'® for L-PBF 17-4 PH stainless steel on
the effects of powder recycling, the changes in yield
and ultimate tensile strength were negligible.
Therefore, from the quasi-static tensile test results,
it may be concluded that a slight change in oxygen
content may not have a significant effect on the
tensile properties of L-PBF Ti-6Al-4V. The variation
in the powder PSD, flowability, and compressibility
may change the porosity level of fabricated parts.
However, the change was not significant enough to
affect their tensile behavior. This is due to the
severe plastic deformation occurring under mono-
tonic loading, which may diminish the material
sensitivity to defects.

The fatigue results for specimens fabricated from
new and used powder in the as-built surface condi-
tion, presented earlier, may be explained by the fact
that fatigue failure is often dominated by surface
roughness, which provides the opportunity for
cracks to initiate from the micro-notches on the
surface rather than from internal defects.*’ Surface
roughness measurements revealed that specimens
fabricated from new and used powders had slight
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mm

Fig. 6. Fracture surfaces showing crack initiation sites for L-PBF Ti-6Al-4V specimens fabricated with used powder in the machined surface
condition tested under fully-reversed 0.005 mm/mm strain amplitude, achieving a fatigue life of (a) 69,198 reversals, (b) 75,938 reversals, and (c)
1,230,696 reversals.
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differences in average surface roughness values: an
R, of 19 ym and 16 um, respectively. However, after
gently polishing the gage surface to remove any
adhered powder or partially melted particles, the
surface roughness values appeared to be similar
with an R, = 15 ym. The initial differences in
surface roughness values may be explained by the
variation of thermal effusivity, e, and thermal
conductivity, £ between new and used powder.
Because of the lower thermal conductivity (see
Fig. 1g) and apparent density, thermal effusivity
of the new powder was lower than the used powder,
indicating less heat transfer with the surrounding
environment and, therefore, a higher heat accumu-
lation in the new powder particles. Although more
investigations are needed, one may conclude that
the higher heat accumulation in the powder parti-
cles in proximity to the fabricated part causes them
to partially melt, fuse together, and attach to the
surface of the part, which increases the surface
roughness.*>*2 However, after gently polishing the
specimens fabricated from new and used powder,
the surface roughness values were measured to be
the same, justifying similar fatigue behaviors
observed for as-built specimens fabricated.

As presented earlier, significantly longer fatigue
lives at ¢, = 0.004 mm/mm were observed for
machined specimens fabricated from used powder
as compared to the specimens fabricated from new
powder. Since the specimens were machined and
polished, internal defects play a major role in
crack initiation, specifically in the high cycle
fatigue regime (i.e., ¢, =0.004 mm/mm). The
longer fatigue lives of specimens fabricated from
used powder may be explained by the combination
of increased flowability (i.e., lower cohesion
between particles) and lower compressibility (i.e.,
less/smaller empty spaces within the powder)
leading to a more uniform layer distribution on
the powder bed and possibly smaller pores within
the fabricated part.

For the fractography analysis results presented
earlier, the Murakami approach*® was used to
characterize the main defect that caused fatigue
failure. This approach allows for correlation of
fatigue life to the maximum stress intensity
factor, Kimax, With a higher stress intensity factor
implying a shorter fatigue life. The Murakami
approach takes into account the defect size by
using the effective area of the defect and the
relative location of the defect by introducing a
shape factor, Y, of 0.65 for surface defects and of
0.5 for internal defects. For example, the specimen
shown in Fig. 6a with a fatigue life of 69,198
reversals had a Kjmn.x = 131 MPa /mm; the one
in Fig. 6b with a fatigue life of 75,938 reversals
had a Kimax = 113 MPa /mm; and the one in
Fig. 6c with a fatigue life of 1,230,696 reversals
had a Kjax = 109 MPa /mm, which explains the
differences observed in fatigue lives. Other studies
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such as Refs. ***® have also shown good correla-
tion between stress intensity factor and resultant
fatigue life using the Murakami approach.

Since no correlation between the main defect
location and the type of powder (i.e., new or used)
was found, the effective defect size parameter based
on the Murakami approach (i.e., projected defect
area on the loading plane) was compared across all
failed specimens. It was found that the fractured
specimens fabricated from new powder had an
average main defect (i.e., the defect causing fatigue
failure) area of 1979 um? while the specimens
fabricated from used powder had an average main
defect area of 1593 um?® These results are in
agreement with the previous observations made on
the new and used powder characteristics. The used
powder was found to have a narrower PSD and a
lower BFE when compared to the new powder,
indicating a higher flowability for the used powder.
This increased flowability can result in a more
uniform powder layer distribution. The compress-
ibility of the used powder was also measured to be
less, indicating smaller empty spaces within the
powder and, consequently, smaller pores in the
fabricated parts. Therefore, it may be concluded
that recycling Ti-6A1-4V powder in L-PBF can lead
to smaller pore sizes and, as a result, longer fatigue
lives for machined specimens in the high cycle
regime. This can be seen in Figs. 4b, where
machined specimens fabricated from used powder
and tested under ¢, = 0.004 mm/mm had much
longer fatigue lives than specimens fabricated from
new powder.

CONCLUSION

Comparison of new and used Ti-6Al-4V Grade 23
powder characteristics, and their effects on the
resultant microstructure, tensile deformation, and
fatigue behavior of L-PBF Ti-6Al-4V specimens in
the as-built and machine surface conditions were
investigated. Based on the experimental results and
observations, the following conclusions can be made:

1. As a result of a narrower PSD, as well as of
lower cohesion and interparticle frictions, the
used powder exhibited better flowability as
compared to the new powder. The improved
flowability and the less compressibility of the
used powder may result in smaller internal
pores.

2. Powder recycling had negligible effects on the

microstructure as no differences in grain size
and shape were observed between specimen sets
fabricated from new and used powder.

3. Powder recycling did not have any significant

effects on the tensile behavior and fatigue
performance of the L-PBF Ti-6Al-4V specimens
in the as-built surface condition.

4. The effect of powder recycling on the fatigue

performance of L-PBF Ti-6Al-4V specimens fab-
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ricated from new and used powder in the
machined surface condition was substantial in
the high cycle regime, with specimens fabricated
from used powder exhibiting significantly longer
fatigue lives.

The average effective defect size, calculated
based on the Murakami approach, was found
to be smaller for specimens fabricated from used
powder, which can explain their longer high
cycle fatigue lives as compared to the specimens
fabricated from new powder.
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