Additive Manufacturing 36 (2020) 101398

Contents lists available at ScienceDirect

Additive

MANUFACTURING

Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

Check for
updates

Fatigue behavior of additively manufactured 17-4 PH stainless steel: The
effects of part location and powder re-use

Arash Soltani-Tehrani®”, Jonathan Pegues™", Nima Shamsaei®"*

@ National Center for Additive Manufacturing Excellence (NCAME), Auburn University, Auburn, AL, 36849, USA
® Department of Mechanical Engineering, Auburn University, Auburn, AL, 36849, USA

ARTICLE INFO ABSTRACT

Keywords: In laser beam powder bed fusion (LB-PBF), an additive manufacturing method, powder is often reconditioned
Fatigue and re-used multiple times to save cost. Considering the assumption that powder characteristics may affect the
Laser beam powder bed fusion (LB-PBF) LB-PBF part quality, it is essential to understand how such characteristics change by re-using the powder and
Defects

how these changes affect the mechanical properties of the fabricated part. Therefore, this study systematically
investigates the effect of powder re-use on the powder characteristics, microstructural features, and mechanical
properties of LB-PBF 17 —4 precipitation hardening (PH) stainless steel (SS) specimens in both as-built and
machined surface conditions. In addition, the dependency of microstructural features and mechanical properties
on the location of the specimen on the build plate and how the powder re-use affects such location dependencies
are studied. No significant effect of powder re-use and location dependency was observed on tensile or fatigue
behavior of LB-PBF specimens in the as-built surface condition. However, an improved fatigue resistance, spe-
cifically in the high cycle regime, was observed for machined specimens fabricated by heavily re-used powder. In
addition, considerable location dependency on the fatigue behavior was observed for machined specimens
fabricated by unused powder. This location dependency, however, decreased with increasing powder re-use. The
observed dependency of the fatigue behavior to the location and the improved fatigue resistance are explained
by the better flowability and less compressibility of the re-used powder due to the decreased number of very fine
particles and agglomerates within the powder batch. These improved powder characteristics resulted in a more
uniform powder distribution on the build plate and less and smaller defects in the specimens.

Powder recycling
Part location

1. Introduction understood. A common procedure to re-use metal powder is to collect

all the powder in the collector bin and unconsolidated powder in the

Additive manufacturing (AM) is an advanced manufacturing tech-
nology, which provides the opportunity to fabricate complex compo-
nents directly from a 3D CAD model and material feedstock (i.e.,
powder or wire) in a layer by layer process. Powder is used as the
feedstock in powder bed fusion (PBF) techniques, which are one of the
most widely used AM methods [1]. One of the major challenges asso-
ciated with powder feedstock, however, is the handling of previously
used and recovered feedstock. A significant portion of the powder bed
envelope is unfused after part fabrication and, for economic reasons, is
often sieved and re-used for several iterations before being discarded.
Currently, the effect of powder re-use on the resulting fatigue behavior
of parts fabricated with increasingly re-used powder is not well

build envelope after fabrication, pass the collected powder through a
sieve screen to remove large spatter particles and break down any ag-
glomerates (i.e., clusters of small particles adhered to larger particles
[1]), and mix to uniformity with an appropriate amount of additional
powder to perform the next build.

While re-using the powder is a common practice, there are limited
studies on how re-using the powder can alter the powder character-
istics, and consequently, the mechanical performance of the fabricated
part [1]. Some studies have been conducted in an effort to understand
the effects of powder re-use on powder characteristics [2-8]. Effects of
powder re-use on Ti-6Al-4V and Inconel 718 using electron beam
powder bed fusion (EB-PBF) process were studied in [6], and no
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Nomenclature

Ay initial cross-sectional area of the gauge

Af fracture cross-sectional area of the gauge

2Ny number of reversals to failure

E cyclic modulus of elasticity of the stable cycle

R: ratio of minimum strain to the maximum strain
R, average surface roughness

€ strain amplitude

& true fracture strain

O stress amplitude

Om mean stress

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

Cordova et al. [4] also studied the effects of re-using LB-PBF Inconel
718, Ti-6Al-4V, AlSi1OMg, and Scalmalloy on powder characteristics
including morphology, flowability, microstructure, and chemical com-
position. Finer particles were reported to get eliminated with re-using
the powder, leading to larger average particle sizes which was more
drastic for AlSi10Mg. Some changes in morphology such as particles
becoming more elongated were observed in the re-used Inconel 718 and
AlSi10Mg. In addition, a general increasing trend of flowability was
noticed for re-used powder as compared to unused powder for all the
materials. While in these studies different powder features (including
PSD, particle shape, chemistry and flowability) were characterized
[2-8], the effects of powder re-using on the mechanical properties were
not investigated.

Some studies have been recently conducted to understand the ef-
fects of powder re-use on the mechanical properties of the fabricated
parts [9-18]. For instance, Popov et al. [17] observed shorter fatigue
lives for specimens fabricated from EB-PBF 69-times re-used Ti-6Al-4V
powder compared with the ones from unused powder. The shorter fa-
tigue lives for the EB-PBF parts fabricated from re-used Ti-6Al-4V
powder were explained by the particles’ surface oxidation which led to
lack of fusion defects in parts. While no changes in the microstructure of
the fabricated parts were reported, a decrease in ductility of specimens
fabricated by re-used powder was observed. In another study, the ef-
fects of re-used nickel alloy powder in LB-PBF on tensile properties
were investigated [11]. Oxygen content increased with re-using the
powder in LB-PBF. The increase in oxygen level resulted in lower
ductility and toughness of the LB-PBF parts fabricated from re-used
nickel alloy. However, the ultimate tensile strength (UTS) and yield
strength (YS) remained comparable for specimens from unused and re-
used powder batches.

Tang et al. [12] also observed oxygen pickup with re-using Ti-6Al-
4V powder in EB-PBF which was explained to be the reason for in-
creases in UTS and YS. The PSD became narrower with the powder re-
use due to the reduction in finer particles. Fewer satellites (i.e., fine
particles adhered to larger particles during atomization [1]), and con-
sequently, fewer agglomerates were found in the re-used batch. Powder
flowability was observed to increase with continuously re-using the
powder due to satellites removal and longer exposure of the powder to
elevated temperatures, which can decrease moisture content, and
consequently, increase the flowability.

While Popov et al. [17] reported a lower fatigue performance for
specimens manufactured via EB-PBF 69-times re-used Ti-6Al-4V
powder as compared to the ones from unused powder, Carrion et al. [9]
observed some improvements in the high cycle fatigue (HCF) behavior

of LB-PBF Ti-6Al-4V specimens by heavily re-using the powder. The
higher fatigue performance of specimens from re-used powder was due
to the fact that cracks initiated from smaller gas-entrapped pores. The
existence of less and smaller defects within the specimens fabricated
from re-used powder was explained by the combination of better
powder flowability and less compressibility of the re-used batch. The
improved flowability resulted in a more uniform powder layer on the
build plate with fewer and smaller empty spaces within the powder
bulk, resulting in lower compressibility, and consequently, smaller de-
fects within the fabricated parts.

In addition, no significant changes in the microstructure and tensile
behavior of LB-PBF Ti-6Al-4V parts were observed due to powder re-use
[9]. Similar fatigue lives were also obtained for the parts fabricated
from unused and re-used powder batches in the as-built surface con-
dition which was explained by the crack initiation from rough surfaces
inherent to AM [19,20]. The effect of re-using 17 —4 PH stainless steel
(SS) powder in an LB-PBF process and nitrogen atmosphere for 15 and
11 times was investigated in two separate studies [14]. While no sig-
nificant changes in the tensile behavior of parts were observed, it was
reported in both studies that the apparent density and flowability of the
powder could increase with re-using the powder.

Previous studies reported flowability as an important powder
characteristic which can significantly affect the parts mechanical
properties [9]. Flowability, however, is a complicated characteristic
since it is dependent on several other powder characteristics (e.g.,
particle size, shape, bulk or surface chemistry, etc.) [21]. Therefore,
several powder characteristics are often analyzed to illustrate flow-
ability [8,22]. Additionally, powder characteristics can vary across the
build plate due to the mechanism of powder distribution in PBF ma-
chines (i.e., spreading a powder layer upon the build plate using a re-
coater/wiper). Such variations in powder characteristics contribute to
the complexity of understanding how the powder specification and re-
use affect the mechanical performance of parts fabricated by PBF
methods. Such powder characteristics can also affect the spreadability
of the powder on the build plate; therefore, mechanical properties of
parts fabricated in different locations of the build plate may be different
[23].

It has been established that re-using powder can significantly alter
the powder characteristics. Such variations may, in turn, affect the
mechanical properties and challenging the qualification and certifica-
tion of AM parts, specifically in safety critical applications [24,25].
Therefore, this study investigates the effects of powder re-use on the
defect distribution and mechanical properties including tensile and fa-
tigue behavior of parts fabricated from 17—4 PH SS via LB-PBF. In
addition, the location of AM parts on the same build plate may con-
tribute to variations in the final microstructural characteristics as well
as mechanical performance of parts fabricated via LB-PBF. Hence, the
location dependency of LB-PBF parts and how re-using the powder may
affect this location dependency will also be evaluated in this study.

Table 1

Chemical composition of the argon-atomized 17-4 PH SS provided by LPW Technology Ltd.
Elements C Cr Ni Cu Mn Si Nb Mo N (0] P S Fe
Wt. % 0.01 16.30 4.18 4.10 0.22 0.40 0.25 0.02 0.04 0.05 0.012 0.004 Bal.
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2. Experimental program

In this study, argon-atomized 17 —4 PH SS powder produced from
LPW Technology Ltd. was used. The initial particle size distribution
(PSD) was reported by the manufacturer to be between 15 and 45 pm.
The chemical composition of the powder provided by the manufacturer
is reported in Table 1. The study was started with an initial amount of
80 kg to guarantee 15 consecutive builds. After each fabrication, all the
powder was collected from the overflow bin and build envelope and
filtered through an 80-um sieve to ensure the removal of spatters and
breaking down of agglomerates. After sieving, all the powder was
thoroughly mixed with the unused powder in the feed bin and a sample
was taken at equal increments throughout the depth of the powder
according to ASTM B215 [26] standard for powder characterizations.

Two different layouts, defined as full and half, were designed (see
Figs. 1 (a) and (b)). The full layout was used for batches 1, 5, 10 and 15,
while the half layout was used for the interval builds (i.e., batches 2, 3,
4,6,7,8,9,11,12, 13, and 14). The full layout contained 38 specimens
including net-shape round specimens with a uniform gage section ac-
cording to ASTM E606 [27] (see Fig. 2(a)), 11-mm square bars to be
further machined to the final shape and geometry of round specimens
with uniform gage section based on ASTM E606, and round tension test
specimens for tensile testing according to ASTM E8 [28] (see Fig. 2(b)).
The maximum testing strain was selected to be 0.0040 mm/mm;
therefore, the risk of buckling under compression portion of fully re-
versed loading was very small. This allowed the diameter of round
specimens with uniform gage section to be reduced from the standard
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recommended 6.25 mm to 5 mm to save in material and ensure com-
pletion of 15 builds.

Side supports were fabricated in conjunction with the net-shape
specimens (see Figs. 1(a) and (b)) to prevent deflection during contact
with the recoater, and thus, disturbance of the powder near the speci-
mens. The number of specimens on the half layouts was lowered from
38 to 18 specimens. Approximately 2.5 kg and 1.5 kg powder amounts
were used for the fabrication of each full and half print layouts, re-
spectively. Most specimens were located on two ends of the build plate.
Front specimens were closer to the feed bin and back specimens were
further away from the feed bin (see Fig. 1(c)). This front and back
specimen layout was designed in order to study the effects of part lo-
cation upon the build plate on the final mechanical properties. Al-
though there were two specimens located in the middle section of the
build plate in both layouts, they were not used in this study.

All builds were fabricated using an EOS M290 machine in a nitrogen
atmosphere with the manufacturer recommended 17 —4 PH SS per-
formance process parameters, reported in Table 2. All the specimens
were subjected to CA-H1025 heat treatment. This heat treatment con-
sists of solution treatment at 1050 °C for 30 mins, air cooling to room
temperature, with a subsequent aging at 552 °C for 4 hrs and air cooling
to room temperature. This heat treatment was selected since it was
shown to be effective in homogenizing the microstructure and im-
proving the fatigue performance of LB-PBF 17—4 PH SS specimens
[29]. Net-shape round specimens were tested after heat treatment
without any further surface treatments; therefore, they are referred to
as as-built specimens in this study. However, the square bars were

Side Support

Square Bar

(b)

Laser Beam

Feeq Bin

v

Fig. 1. (a) Full print layout used for Batch 1 (unused), Batch 5 (re-used 4 times), Batch 10 (re-used 9 times) and Batch 15 (re-used 14 times), (b) half print layout used
for interval prints, and (c) a schematic of laser beam powder bed fusion (LB-PBF) system.
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Fig. 2. (a) Round specimens with a uniform gage section for strain-controlled fatigue testing according to ASTM E606 [27], and (b) round tension test specimens for

tensile testing according to ASTM E8 [28] (all dimensions are in mm).

Table 2

EOS recommended major process parameters utilized to fabricate LB-PBF 17-4 PH SS parts.
Laser power Scanning speed Hatch distance Layer thickness Layer rotation angle Stripe width
220 W 755.5 mm/s 100 pym 40 um 67° 100 mm

machined to the final specimen dimensions, as shown in Fig. 2(a),
followed by further surface polishing to achieve R, = 0.5— 0.6 um, and
are referred to as machined specimens.

Powder characteristics including apparent and tapped density (i.e.,
the density when the powder is compacted), compressibility, shear
stress [30], and cohesion were evaluated using Freeman Technology
FT4 rheometer. PSD and shape morphology were analyzed via Malvern
Morphology G3SE by static image analysis according to ASTM E2651
[31]. Particle shape parameters including circular equivalent (CE)
diameter (i.e., the diameter of a circle with the same area as the par-
ticle’s projected area on the normal plane [32]), circularity (defined as
circle equivalent perimeter divided by the actual perimeter), and
elongation (i.e., 1-width/length) were also measured. The powder
shape morphology was also obtained with scanning electron micro-
scopy (SEM) in order to compare unused and re-used powder batches.
In this paper, the powder samples used for the full layouts are cate-
gorized into Batch 1 (i.e., unused), Batch 5 (re-used 4 times), Batch 10
(re-used 9 times), and Batch 15 (re-used 14 times).

Quasi-static tensile tests were performed via an MTS servo-hy-
draulic load frame with a 100 kN capacity according to ASTM E8 [28]
on three specimens at a strain rate of 0.001 s~ !. Strain-controlled
tensile tests were performed up to 0.045 mm/mm, followed by ex-
tensometer removal, and continued in displacement control until spe-
cimen failure. Fully reversed strain-controlled fatigue tests (R, = —1)

according to ASTM E606 [27] were conducted on as-built specimens at
two different strain amplitudes, ¢,, of 0.0040 mm/mm and 0.0020 mm/
mm to study low and high cycle fatigue regimes, respectively. Strain
amplitudes of 0.0025 mm/mm, 0.0030 mm/mm, and 0.0040 mm/mm
in fully reversed condition (R, = —1) were used for machined speci-
mens to evaluate their high, intermediate (or mid), and low cycle fa-
tigue regime behaviors, respectively. In this study, low cycle fatigue
(LCF) and high cycle fatigue (HCF) regimes are associated with high
and low strain amplitudes. At least, two specimens were tested at each
strain level to check the repeatability of the results. The frequency at
each strain level was adjusted to maintain similar average cyclic strain
rates among all tests to minimize any variations due to strain dependent
deformation effects.

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

One of the most important characteristics of the powder particles is
their size and shape morphology which may affect physical properties
of the powder such as flowability. The PSD diagrams of Batches 1, 5, 10
and 15 are shown in Fig. 3. An enhanced view of PSD for finer particles
(smaller than 15 pm) is also included. Although the variation in PSD
between powder batches does not appear to be significant, powder re-
use results in the PSD diagram to become somewhat narrower (the
width of PSD was 45 um for Batch 1 and 41 pm for Batch 15) and the
circular equivalent (CE) diameter slightly decreases with continued
powder re-use (it was measured as 30.8 pm for Batch 1 and 28.4 pm for
Batch 15).

The difference in CE diameters can be related to the sieving and
manufacturing processes. The large agglomerates can get detached or
break down by the filtration. The reduction of large agglomerates was
verified by Doy measurement which gives the particle size below which
90 % of the sample lies [1]. The Doy was measured to decrease from
43.40 ym in Batch 1 to 40.20 pm in Batch 15. Very fine particles can
also spatter (be ejected) from the build plate when the laser scans that
area and/or they may be included in the melting and subsequent soli-
difying process [9]. The number of very fine particles (smaller than 15
um) was found to decrease with re-using the powder from 9 % to 6 % of
the powder samples. Therefore, as the satellites are shed from the ag-
glomerates, the CE diameter will become more representative of the
parent particle rather than the cluster of particles. Powder flowability
and packing state may improve by the reduction of very fine particles
and large agglomerate due to relatively high interparticle frictional
forces of fine particles and empty spaces between agglomerates
[1,9,12].

The shape morphology of powder particles captured via SEM is
shown in Fig. 4. No apparent change in shape can be observed as a
result of continuous powder re-use. It can also be observed that most
particles remained spherical after re-using the powder. This was ver-
ified by measuring the particles’ circularity which was comparable for
all the powder batches (0.87 —0.88). Elongated particles can cause
friction between particles which may impede the flow [1]. Therefore,
having less elongated particles in the powder batch can contribute to-
ward a better powder flowability. Needles have elongation (1-width/
length) values approaching to 1. The particles’ elongation was mea-
sured to be 0.20 for Batch 1 and 0.19 for Batch 15. Hence, no effect of
re-using the powder on elongation was found in this study.

Apparent/bulk and tapped density values of the powder batches
have been listed in Table 3. The bulk density shows an increase with
continuous powder re-use. Tapped density was also increased slightly
with re-using the powder. The increase in bulk and tapped densities can
be due to existence of fewer agglomerates in the re-used powder batch
resulting in less empty spaces within the powder batch. It should be
noted that although finer particles can fill in the void/empty spaces
between the larger particles [1], they may also adhere to large particles
due to their larger interparticle frictional forces and cohesivity [9],
form more agglomerates, and leave empty spaces in the powder bulk.
As a result, the larger apparent and tapped density values of the re-used
powder batches can be due to a more uniform particle size distribution
and better packing state.

The existence of more empty spaces within the powder bulk can
lead to more gas entrapment during melting/solidification, which can
form gas-entrapped pores in the material during melting/solidification
process. The compressibility of a powder bulk can increase due to more
empty spaces between the powder particles. Hence, the compressibility
of all batches was measured, and it was observed that the compressi-
bility of Batch 1 was 4.65 % compared with 1.97 % for Batch 15. This
means that Batch 1 is more compressible. The higher sensitivity of
Batch 1 to compression can indicate the existence of more empty spaces
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within the Batch 1 powder bulk. As a result, it may be postulated that
the existence of more agglomerates and very fine particles, and subse-
quently, higher cohesion within Batch 1 can result in more empty
spaces entrapped within the powder bulk [1,9].

To verify this understanding, permeability of different powder
batches was quantified. Permeability indicates how easily a gas (i.e.,
nitrogen) can flow through a material (i.e., powder) [32]. Permeability
is inversely correlated with pressure drop due to applied normal
stresses on the powder bulk [9,32]. This means that powder with a
greater pressure drop is the least permeable one. As seen in Fig. 5,
pressure drop in Batch 15 is higher than all the other batches. This may
imply that the Batch 15 is the least permeable powder. As it was ex-
plained by the differences in compressibility values between different
powder batches, nitrogen gas can flow more easily within Batch 1 and
least easily within Batch 15. The higher permeability of nitrogen within
Batch 1 is mainly due to more empty spaces and less barriers due to
agglomerations existence within the powder batch, which leads to a
relatively smaller pressure drop (see Fig. 5), less apparent and tapped
densities (see Table 3), and more compressibility. However, in Batch
15, with less agglomerates, there are fewer empty spaces, and therefore,
gas has more difficulties going through the powder batch, which in turn
increases the pressure drop.

A method to show the higher cohesion and interparticle frictional
forces within Batch 1 compared with other batches is to perform shear
cell test. In shear cell test, powder is sheared to obtain its shear strength
properties [33]. Higher shear strength represents higher resistance for
powder to flow [32], and thus, less flowability resulting in less uniform
powder distribution on the build plate. Shear cell tests were performed
according to ASTM D7891 [30] at applied normal stresses up to 2 kPa.
It can be observed from Fig. 6 that Batch 1 has the highest shear stress
under different normal stress levels. Additionally, the cohesion within
each powder batch was measured to be 0.250 kPa for Batch 1 compared
with 0.128, 0.158, and 0.160 kPa respectively for Batches 5, 10, and 15.
This shows that at a constant applied normal stress (e.g., powder stored
in the feed bin can experience a consolidation stress), Batch 1 requires
more shear stress in order to flow due to higher cohesivity.

3.2. Porosity within the fabricated parts

Pores at the gage section of representative specimens fabricated
from Batch 1 (i.e., unused) and Batch 15 (i.e., re-used 14 times), one
from the front and one from the back of the build plate, were measured
via digital microscopy and their size distributions are presented in
Fig. 7. Porosity measurements were conducted on three different cross
sections at the gage of each representative specimen. Pores with dia-
meters smaller than 5 um were disregarded from this analysis since they
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Fig. 3. Particle size distribution (PSD) of Batch 1 (unused), Batch 5 (re-used 4
times), Batch 10 (re-used 9 times), and Batch 15 (re-used 14 times) showing the
PSD becomes slightly narrower and shifts to the left by re-using the powder.
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Fig. 4. Powder shape morphology for (a) Batch 1 and (b) Batch 15 obtained via
SEM.

Table 3

Apparent/bulk and tapped density values of Batches 1, 5, 10, and 15.
Powder batch Batch 1 Batch 5 Batch 10 Batch 15
Bulk density (g/mL) 3.87 4.03 4.14 4.19
Tapped density (g/mL) 4.37 4.38 4.40 4.44
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Fig. 5. Pressure drop versus applied normal stress on the powder bulk for
Batches 1, 5, 10, and 15 showing the highest pressure drop for Batch 15 and the
lowest for Batch 1.
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Fig. 6. Shear stress versus applied normal stress on the powder bulk for Batches
1, 5, 10, and 15 showing a higher shear stress for Batch 1 as compared to the
other batches.

have relatively small probabilities to initiate a fatigue crack considering
the maximum pore sizes observed. The average and maximum pore
diameters for the specimen from Batch 1 in front (see Fig. 7(b)) were
found to be 9.4 and 26.6 um, respectively. Similar analysis on the gage
section of a specimen from Batch 1 in back (see Fig. 7(a)) resulted in
average and maximum pore dimeters of 10.4 and 33.7 pm.

The number of pores was also obtained and found to be relatively
higher for the specimen in back compared with the front one (~14 %
increase). Comparable procedures were also performed on specimens
from Batch 15 in back and front (see Figs. 7(c) and (d)). It was found
that the number of pores was relatively lower for the specimen in back
by 5%. However, the average and maximum pore diameters were still
larger in the specimen from Batch 15 in back compared with the spe-
cimen in front. The average and maximum pore diameters were 9.2 and
24 um for the specimen in front and 9.8 and 29.8 um for the specimen
in back. It should be noted that the number of pores reported is the
average of the number of pores found on each section. It is also worth
noting that the maximum pore size reported in Fig. 7 is the maximum
found on the 3 sections cut from each specimen and does not ne-
cessarily represent the maximum pore size in the specimen.

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

3.3. Tensile behavior

Tensile behavior of LB-PBF 17 —4 PH SS specimens fabricated from
Batches 1, 5, 10, and 15 from different locations (one from back and
two from front for each batch) in as-built condition is shown via en-
gineering stress versus engineering strain and engineering stress versus
displacement curves in Figs. 8(a) and (b), respectively. One curve for
each batch is presented in these figures due to negligible changes on
tensile behavior as a result of specimen’s location on the build plate. As
seen in Fig. 8, no significant effect on tensile properties including UTS
and YS was observed due to powder re-use either. The UTS was found to
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Fig. 7. Pore size distribution obtained from multiple cross sections at the gage of the specimens from (a) Batch 1 in back, (b) Batch 1 in front, (c) Batch 15 in back,

and (d) Batch 15 in front.

remain comparable around 1203 MPa for Batch 1 and 1193 MPa for
Batch 15. The YS was also measured according to 0.2 % offset ap-
proach, and it was found to be 1155 and 1138 MPa for Batch 1 and 15,
respectively. It should be noted that the tensile properties were ob-
tained from the previous work of authors.

True fracture strain, ¢;, was also measured by ln(%), in which A,

and Ay are initial and fracture cross-sectional areas of the gage [34].
The true fracture strain was found to be 0.35 and 0.40 for specimens
fabricated from Batch 1 and 15, respectively, showing relatively higher
ductility with continuously re-using the powder which can be related to
the lower porosity in specimens from re-used powder. Since no differ-
ence in microstructure of the specimens fabricated from unused and re-
used powder was expected due to powder re-use and heat treatment
[9,29], changes in material strength were expected to be negligible. A
summary of the main tensile properties is provided in Table 4.

3.4. Fatigue behavior

Strain-controlled fully reversed (R, = —1) tests were performed on
both as-built and machined specimens fabricated from unused and re-
used powder batches. The effect of specimen location on the build plate
on the fatigue behavior was also investigated by comparing samples
from the same batch, however, with different locations; i.e., front or
back. A summary of strain-controlled fatigue test results for specimens
fabricated from 17—4 PH SS via LB-PBF in as-built and machined
conditions and heat treated utilizing CA-H1025 procedure is presented
in Tables 5 and Table 6, . respectively. Results are categorized for dif-
ferent batches and from two different locations (i.e., front versus back).
Cyclic modulus of elasticity of the stable cycle, E’, strain amplitude, g,

mid-life stress amplitude, o,, and mean stress, o,,, as well as number of
reversals to failure, 2N}, are included in Tables 5 and Table 6. It is
important to mention that no substantial plastic deformation occurred
for any of the LB-PBF 17 —4 PH SS specimens in this study

Strain-life comparison of specimens in the as-built condition form
different batches is shown in Fig. 9. Fatigue lives are presented on a
semi-log plot with strain amplitude, ¢,, on Y axis and number of re-
versals to failure, 2N}, on X axis. Specimens were tested in two different
strain levels. As seen in Fig. 9, no effect of powder re-use was observed
on the fatigue life of specimens with as-built surface condition. In ad-
dition, no effects of location (i.e., front versus back location) on fatigue
life of LB-PBF specimens in the as-built surface condition can be ob-
served from this figure. Therefore, no specific trend in fatigue life as a
result of re-using the powder nor location was observed when speci-
mens were kept in their as-built surface condition.

Strain-life fatigue behavior comparison of LB-PBF CA-H1025 17 —4
PH SS specimens from Batch 1 and Batch 15 fabricated in front location
(i.e., closer to the feed bin) and in machined surface condition is shown
in Fig. 10(a). Due to the stochastic nature of the defect size and number
in the specimens, the fatigue lives show greater scatter in the machined
surface condition as compared to the as-built surface condition. It can
be seen that continuously re-using the powder did not affect the fatigue
behavior in low cycle fatigue (LCF) and mid cycle fatigue (MCF) re-
gimes. In the high cycle fatigue (HCF) regime, however, a gap between
fatigue lives of machined specimens fabricated from Batch 1 and Batch
15 can be observed. In this regime, fatigue life appears to be improved
by re-using the powder. A similar trend was also observed in Fig. 10(b)
for the machined specimens fabricated from Batch 1 and 15 in the back
location (i.e., further away from the feed bin). As shown in Fig. 10(b),
the variation between the results is not significant in LCF and MCF
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Fig. 8. Tensile behavior of LB-PBF CA-H1025 17-4 PH SS specimens fabricated

from Batches 1, 5, 10, and 15 in the as-built surface condition: (a) engineering
stress-strain and (b) engineering stress-displacement curves adapted from.

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

Batch UTS (MPa) YS (MPa) & (mm/mm)
1 1203 1155 0.35
5 1201 1151 0.42
10 1198 1156 0.44
15 1193 1138 0.40

regimes, although it can be seen that specimens fabricated from Batch
15 had slightly longer fatigue lives compared with the ones from Batch
1. However, the HCF lives were improved by continuously re-using the
powder. In addition, the difference observed in the HCF data between
specimens fabricated by unused and re-used powder batches in the back
location was more significant as compared to the counterparts from
front location (compare Figs. 10(a) and (b)).

The effect of part location on the build plate on the fatigue lives of
LB-PBF CA-H1025 17—4 PH SS machined specimens is shown in
Figs. 11(a) and (b), respectively for Batch 1 and Batch 15. The effect of
powder re-use on the fatigue behavior of specimen is ruled out by
considering the specimens from the same batch but different locations.
As it can be observed from Figs. 11(a) and (b), the fatigue lives of
specimens from front location are relatively greater than the ones from
back location, independent of strain level. It can be observed from
Fig. 11(b) that the gap between fatigue lives of front and back location
specimens was reduced with continuous re-use of the powder. It may be
presumed that specimens from front location consistently have a
greater fatigue life compared with the ones from back location;
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Table 5
Strain-controlled fully reversed fatigue test results obtained from LB-PBF CA-
H1025 17-4 PH SS specimens in as-built surface condition.

Location g’ (GPa) fa (mm/ o, (MPa) oy, (MPa) 2Ny (Reversals)

mm)
Batch 1
As-built Back 194 0.0040 797 44 6,154
As-built Front 198 0.0040 801 -5 9,844
As-built Front 201 0.0020 407 -5 174,348
As-built Back 199 0.0020 401 -3 200,654
As-built Back 201 0.0020 405 -5 203,878
Batch 5
As-built  Front 196 0.0040 801 —-11 10,178
As-built Back 196 0.0040 801 -8 10,480
As-built  Front 188 0.0020 382 -2 58,550
As-built  Front 201 0.0020 407 4 62,434
As-built Back 199 0.0020 403 -4 98,038
As-built  Front 199 0.0020 401 -1 191,532
Batch 10
As-built Back 196 0.0040 793 -4 9,370
As-built  Front 196 0.0040 797 -4 11,150
As-built  Front 199 0.0020 401 4 75,996
As-built Front 198 0.0020 402 -1 117,696
As-built Back 198 0.0020 398 -2 209,518
Batch 15
As-built Back 196 0.0040 797 -1 12,982
As-built  Front 197 0.0040 801 -10 13,450
As-built  Front 200 0.0020 400 -3 97,847
As-built  Front 200 0.0020 403 -5 230,788
As-built Back 199 0.0020 401 -1 235,294
Table 6

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

Location g’ (GPa) € o, (MPa) op (MPa) 2Ny (Reversals)

(mm/

mm)
Batch 1
Machined Back 200 0.0040 812 17 10,564
Machined Back 201 0.0040 811 -9 14,146
Machined Front 200 0.0040 814 -16 63,300
Machined Front 199 0.0040 805 -14 69,988
Machined Back 199 0.0030 603 -4 76,638
Machined Back 203 0.0030 612 -3 97,828
Machined Back 205 0.0025 512 11 100,492
Machined Back 205 0.0025 518 —-41 193,634
Machined Front 201 0.0030 609 -1 287,624
Machined Front 197 0.0030 603 —24 459,082
Machined Front 203 0.0025 510 -6 1,747,292
Machined Front 201 0.0025 508 12 9,194,508
Batch 15
Machined Back 196 0.0040 801 -14 24,978
Machined Back 202 0.0040 826 -33 31,044
Machined Front 203 0.0040 823 10 59,298
Machined Front 204 0.0040 823 -11 66,154
Machined Back 204 0.0030 619 -2 118,476
Machined Front 203 0.0030 615 1 119,494
Machined Back 199 0.0030 599 -2 150,470
Machined Front 205 0.0030 621 15 304,992
Machined Back 203 0.0025 514 18 4,523,250
Machined Back 199 0.0025 505 1 6,379,896
Machined Front 202 0.0025 508 —4 15,084,902
Machined Front 202 0.0025 510 -16 18,417,542
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Fig. 10. Strain-life fatigue behavior of LB-PBF CA-H1025 17-4 PH SS specimens
in machined surface condition fabricated from Batch 1 and Batch 15 in (a) front
and (b) back locations.

however, such differences are reduced by re-using the powder.

3.5. Failure analysis

Fractography analysis via digital microscopy was performed on the
fracture surfaces of as-built and machined specimens from different
locations. It was observed that in all as-built specimens, cracks started
from the micro notches on the surface of the specimens due to rough
surfaces inherent to the LB-PBF process. This was consistent for speci-
mens from different batches regardless of the powder re-using iteration
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Fig. 11. Strain-life fatigue behavior of LB-PBF CA-H1025 17-4 PH SS specimens
in machined surface condition fabricated from (a) Batch 1 and (b) Batch 15 in
front and back locations.

or specimen location. Fracture surface of an as-built specimen fabri-
cated from Batch 1 in front and tested at e,= 0.0040 mm/mm with
9,844 reversals to failure is shown in Fig. 12(a). A focused view of the
fracture surface is also presented in the excised area. As shown in this
figure, cracks have initiated from multiple locations and even different
layers (shown by white arrows), propagated, coalesced to form a larger
crack and continued to propagate until the part failed.

The fracture surface of a Batch 1 counterpart from the back location
at ;= 0.0040 mm/mm with 6,154 reversals to failure is shown in
Fig. 12(b). A similar trend was observed that cracks initiated from
multiple locations at different layers and coalesced before final part
failure. In Fig. 12(c), a specimen fabricated from Batch 15 and front
location at g,= 0.0040 mm/mm is shown with 13,450 reversals to
failure. Although this specimen had a longer fatigue life compared with
its counterpart from Batch 1 at the same strain level, a similar trend in
fatigue failure was observed in which cracks initiated from multiple
locations and different layers. Similar failure mechanism was also ob-
served for the specimens tested at £,= 0.0020 mm/mm. All cracks in-
itiated from multiple locations on the surface, although there was more
scatter in data at this strain level.

A comparable procedure was performed for specimens in the ma-
chined surface condition from different locations and powder batches to
analyze their fracture surfaces. It was observed that cracks usually
started from internal pores or the pores that were brought closer to the
surface due to machining. As seen in Fig. 13(a), cracks initiated from
two gas-entrapped pores close to the surface of a specimen fabricated
from Batch 1 in front with 1,747,292 reversals to failure at e,= 0.0025
mm/mm. The crack initiation site is illustrated with white arrow. A
close-up of the crack initiation site is also shown in the same figure
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Fig. 12. Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS specimens in as-
built surface condition from (a) Batch 1 and front with 9,844 reversals to
failure, (b) Batch 1 and back with 6,154 reversals to failure, and (c) Batch 15
and front with 13,450 reversals to failure, all tested at 0.0040 mm/mm strain
amplitude.

detailing the characteristics of the defects associated with crack in-
itiation. In the close-up, it can be observed that the crack initiated from
the two gas-entrapped pores with spherical shape and in proximity of
each other which were brought close to the surface by machining.
Figure 13(b) shows a specimen from the same powder batch how-
ever from the back location and 100,492 reversals to failure at the same
strain amplitude of £,= 0.0025 mm/mm. Cracks were observed to be
initiated from a lack-of-fusion (LoF) defect shown by white arrow which
was brought to the surface by machining. Additionally, multiple LoF
defects were observed on the fracture surface of this specimen which
are shown by yellow arrows. Interestingly, no LoF defect was found
during the porosity analysis for which the results are presented in
Fig. 7. This can be explained by the fact that LoF defects are slit shaped
and do not have much heights and they occur between two consecutive
layers, which is 40 um (as the powder layer thickness) for the LB-PBF

10

Additive Manufacturing 36 (2020) 101398

17 —4 PH SS specimens fabricated in this study. The porosity size dis-
tributions in this study were performed by randomly cutting the gage
section of representative specimens throughout the gage length and in
radial direction and observing the cut section under microscope to
count and measure pores. Considering the shape and spacing of these
potential LoF defects, it is very easy to miss them during the porosity
analysis performed in this study.

Fracture surfaces of machined specimens from Batch 15 fabricated
in front and back locations were also analyzed using the same ap-
proach. Fracture surface of LB-PBF specimen fabricated from Batch 15
in front at e,= 0.0025 mm/mm with 15,084,902 reversals to failure is
presented in Fig. 14(a). An enhanced view of the crack initiation site is
also included. It can be observed that cracks initiated from a spherical
pore close to the surface, shown by white arrow, of the front location
specimen resulting in the part failure. Similar analysis on the fracture
surface of a machined specimen from Batch 15 and fabricated in the
back location at g,= 0.0025 mm/mm with 4,523,250 reversals to failure
at the same strain amplitude is shown in Fig. 14(b). This image in-
dicates that the cracks initiated from an internal LoF defect, which led
to the part failure. The LoF defect is also shown by white arrow.

It was observed that failure was occurred comparably in the speci-
mens fabricated from Batch 1 and 15 and from the front location (see
Fig. 13(a) and Fig. 14(a)). In these specimens, failure was due to crack
initiations from gas-entrapped pores. However, in the specimens fab-
ricated from Batch 1, cracks consistently initiated from larger gas-en-
trapped pores under the same strain amplitudes. In addition, the cracks
were observed to initiate from gas-entrapped pores (usually spherical)
in the specimens located in the front location regardless of the powder
batch used. However, failure occurred by larger irregular shaped LoF
defects in the specimens from the back. Therefore, it may be assumed
that even on the same build plate, parts can have distinctly different
performances due to the variation of powder characteristics in different
locations.

The cracks initiated similarly from LoF defects in the specimens
fabricated in the back of the build plate from both Batch 1 and Batch
15. However, as shown in Fig. 13(b), the LoF defect was larger com-
pared with the defect in the specimen fabricated from Batch 15 and
same location (see Fig. 14(b)). This trend was observed for all the
specimens analyzed in this study. The specimen fabricated from Batch 1
and from the back had a much shorter fatigue life as compared to the
specimen from Batch 15 and the comparable location at the same strain
amplitude. Therefore, in all the specimens with similar location and
strain amplitude, cracks initiated from relatively larger defects (i.e.,
gas-entrapped pore or LoF) in the specimens fabricated from unused
powder compared with the specimens from re-used powder. The larger
defects in specimens fabricated from unused powder resulted in shorter
fatigue lives compared with the counterparts fabricated from re-used
powder. Moreover, in the specimens from the same batch, the defects
were gas-entrapped pores in the specimens in front while there were
more LoF defects in the specimens located in back.

4. Discussion on experimental results

Tensile monotonic behaviors of specimens from different batches
were presented in Fig. 8 and Table 4. No significant variation in tensile
properties including UTS and YS due to powder re-use nor location was
observed. Similar observations have been made for specimens fabri-
cated from unused and re-used powder via LB-PBF Ti-6Al-4V [9], In-
conel 718 [13], and 17—4 PH SS [14] showing comparable tensile
strength with re-using the powder. Comparable tensile behaviors ob-
tained in this study may be resulting from the limited effects powder re-
using has on the microstructure and chemical composition of the fab-
ricated parts [9,17]. However, the true fracture strain was observed to
slightly increase with continuously re-using the powder, which may be
explained by relatively less porosity in specimens fabricated from re-
used powder as compared to the ones fabricated from unused powder,
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Fig. 13. Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS specimens in machined surface condition fabricated from (a) Batch 1 and front with 1,747,292 reversals
to failure, and (b) Batch 1 and back with 100,492 reversals to failure, both tested at 0.0025 mm/mm strain amplitude.

as evident from Fig. 7.

Fatigue testing of CA-H1025 17 —4 PH SS parts fabricated via LB-
PBF in the as-built surface condition showed no significant trend in
fatigue life as a result of powder re-use (see Fig. 9). The reason can be
explained by crack initiation sites from rough surfaces of as-built spe-
cimens, which act as micro notches and dominate the fatigue behavior
[19] (see Fig. 12). Although average surface roughness, R,, is not the
most representative surface parameter for the fatigue behavior [35], R,
was measured for 12 specimens from different batches and locations,
and all the measurements were around 7—9 pm. Not only did the
surface roughness dominate the effects of powder re-use, but it also
surpassed the effects of front and back locations (see Fig. 9) when the
specimens were kept in their as-built surface condition.
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In the machined surface condition, there was an observable differ-
ence between the fatigue lives of parts fabricated from Batch 1 and
Batch 15 at the same location (see Figs. 10(a) and (b)) in the HCF re-
gime. An improved fatigue resistance was observed for the specimens
fabricated from Batch 15 at ¢, = 0.0025 mm/mm compared with the
ones from Batch 1 at the same strain level. This behavior may be ex-
plained by the importance of the crack initiation stage in the HCF re-
gime, which dominates the fatigue degradation process [34]. Cracks
typically initiate from defects especially the ones that are closer to the
surface or brought to the surface by machining. Therefore, the projected
area of the crack-initiating defect on the loading plane from the frac-
tography analysis was measured and the defect size was calculated
based on Murakami’s approach [36]. In this approach, the defect size is
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Fig. 14. Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS specimens in machined surface condition fabricated from (a) Batch 15 and front with 15,084,902
reversals to failure, and (b) Batch 15 and back with 4,523,250 reversals to failure, both tested at 0.0025 mm/mm strain amplitude.

presented by the square root of the projected area on the loading plane.

The defect diameter in the normal plane was measured to be 73 pym
(surface defect) for the specimen fabricated from unused powder in
front with 1,747,292 reversals to failure (see Fig. 13(a)). This defect
was much larger than the maximum pore size observed in Fig. 7(b)
since the crack initiated from two gas-entrapped pores close to each
other, and both pores were considered to estimate the effective defect
diameter. It should be noted that the maximum pore size reported in
Fig. 7 is the maximum found from a 2D analysis by limited sectioning
and does not necessarily represent the maximum defect size in the
specimen. The defect diameter was 34 pum for the specimen fabricated
from re-used powder and on the front of the build plate, resulting in
15,084,902 reversals to failure (see Fig. 14(a)).

Comparably, the defect diameters were calculated for the specimens
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fabricated from Batch 1 and Batch 15 in the back. The defect diameter
was measured to be 90 um (surface LoF defect) for the specimen fab-
ricated from Batch 1 in back location with 100,492 reversals to failure
(see Fig. 13(b)), while it was 69 um (internal LoF defect) for the spe-
cimen fabricated from Batch 15 in the back with 4,523,250 reversals to
failure (see Fig. 14(b)). Internal defects are considered to be more than
the estimated defect diameter away from the surface, while a defect is
known as a surface defect when its distance to the surface is less than its
diameter. In the case of surface defects, the area between the defect and
surface of the part is also considered in the area calculations. Therefore,
internal defects with comparable sizes to surface defects are expected to
be less detrimental to fatigue failures. In addition, the average diameter
of crack-initiating defects for all the specimens fabricated from unused
powder in front and back at ¢, = 0.0025 mm/mm was 60 pm and 88 pm,
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respectively. The average diameter of crack-initiating defects of all re-
used powder specimens at ¢, = 0.0025 mm/mm was relatively smaller
than unused powder specimens, and measured to be 31 um and 64 pm
respectively for front and back specimens.

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

The non-uniform packing state of unused powder was also verified
by permeability results. The higher permeability of Batch 1 showed that
the gas can flow easier through the powder due to less barriers and
more empty spaces within the batch. The gas in these empty spaces may
not completely escape the melt pool during melting and solidification in
the AM process, and can be entrapped, introducing more gas-entrapped
pores in the final fabricated parts. The reason for the smaller LoF de-
fects, observed in the specimens fabricated from re-used powder com-
pared with unused powder specimens (see Fig. 13(b) and Fig. 14(b)) is
still unclear to authors. However, the thermal properties of the powder
batches such as thermal conductivity may improve with re-using the
powder [9] which may be attributed to the less compressibility and
empty spaces of the re-used powder batch as compared to the unused
one. Thus, the increase in thermal conductivity can lead to an increased
energy absorption of the powder, resulting in a more stable melt pool
and a better fusion between layers.

The difference in fatigue lives of the specimens from different lo-
cations can be illustrated based on the fact that powder is spread on the
build plate using a recoater/wiper in the LB-PBF process. Therefore,
some variations in powder characteristics in different locations can be
expected as a result of spreading. These variations were also indicated
by observing different types of defects on the fracture surface of ma-
chined specimens from the back compared with the counterparts from
the front of the build plate. As seen in Fig. 13(b) and Fig. 14(b), the
defects in specimens fabricated in the back were LoF, while in the
specimens from the front, failure happened from gas-entrapped pores
(see Fig. 13(a) and Fig. 14(a)). Additionally, the defect diameters
(based on Murakami’s approach [36]) of the specimens fabricated from
Batch 1 and Batch 15 in the back were measured to be 90 pym and 69
um, respectively, as compared to the counterparts in front with defect
areas of 73 um for Batch 1 and 34 um for Batch 15. The smaller defect
size in specimens fabricated in front compared to the ones fabricated in
the back of the build plate (also see Fig. 7) explains the longer fatigue
lives observed for specimens fabricated in front (see Fig. 11).

The observed difference between the defect distribution and size in
the specimens from the same batch but fabricated in different locations
can be attributed to the powder flowability. The presence of large ag-
glomerates in the powder batch can disrupt the smooth flow of powder
across the build plate by moving in lumps and leaving empty spots on
the build plate [1,9]. Additionally, fine particles may deteriorate
powder flowability due to higher interparticle frictions and cohesion
between fine particles and their tendency to agglomeration
[1,11,21,22,37-41]. Therefore, the unused powder with more very fine
particles and large agglomerates had inferior flowability, resulting in
poor powder spreadability and layer uniformity on the build plate.
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However, by continuously re-using the powder, the number of large
agglomerates and fine particles decreased leaving particles with more
comparable sizes in the re-used batch (see Fig. 3). Therefore, flowability
improved by powder re-use resulting in less difference in fatigue lives of
specimens from the re-used powder batch in different locations com-
pared with specimens from unused powder, as evident from Figs. 11(a)
and (b).

The improved flowability of the powder by re-using can be also
understood by comparing the permeability and cohesion of different
powder batches (see Fig. 5 and Fig. 6). Permeability decreased from
Batch 1 to Batch 15 which can be related to the reduction of large
agglomerates from the batch. In addition, powder cohesion, which
evaluates the tendency of fine particles to agglomerate [1], decreased
with powder re-use. Therefore, the combination of decreased perme-
ability and lower cohesion can indicate that there are fewer fine par-
ticles as well as agglomerates within the re-used powder resulting in
better flowability of this batch. It should be noted that the longer ex-
posure of re-used powder to higher temperatures, and consequently,
less moisture content, might have also contributed to some extent to the
more flowability of re-used batch [1,12]. In the absence of humidity, re-
used powder particles are less prone to agglomeration resulting in a
more uniform powder layer on the build plate, and consequently, a
smaller gap between the fatigue lives of front and back specimens in
low, mid and high cycle fatigue regimes.

5. Conclusions

In this study, effects of powder re-use on mechanical properties of
parts fabricated from 17 —4 PH SS via LB-PBF additive manufacturing
process were studied. In addition, the dependency of the mechanical
properties on the location of the specimen on the build plate was also
investigated. Specimens were fabricated and tested in two surface
conditions; as-built and machined. The powder was continuously re-
used in order to fabricate 15 consecutive sets. Powder characteristics
were also analyzed in relation to the observed mechanical properties.
Overall, the experimental results in this study have shown that both
location of the specimen on the build plate and the powder character-
istics, as they get affected by the powder re-use, can be influential on
the fatigue performance of LB-PBF fabricated materials. In addition,
based on the results, the following conclusions can be made:

1 The high cycle fatigue behavior of machined LB-PBF CA-H1025
17 —4 PH SS specimens was observed to improve by continuously
re-using the powder. Specimens fabricated from heavily re-used
powder (re-used for 14-times) had a better fatigue strength in the
high cycle regime than the specimens fabricated from unused
powder.

2 The improved fatigue behavior in the high cycle regime was related
to the reduced compressibility of the powder after re-use due to the
reduction of agglomerates. Less agglomerates in the re-used batch
reduces the presence of empty spaces in the powder bulk. This can
result in smaller and less pores in the fabricated material.

3 Fatigue behavior of parts in the machined surface condition was
observed to be dependent on the part location on the build plate
with relatively higher fatigue lives for the specimens closer to the
powder feed bin compared with the ones further away from the feed
bin. However, the location dependency of the fatigue behavior was
decreased with re-using the powder.

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

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

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

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