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Abstract

The booming interest in Additive Manufacturing (AM), is seeing a rising number of
industries and research entities adopting this technology into their manufacturing practices. Of
particular interest is Laser Powder Bed Fusion (L-PBF) process, a common AM method for
fabricating metallic components. However, one obstacle is the high cost of powder feedstock. A
popular tactic to offset this cost is to reuse the powder between prints, but there is no in-depth
understanding of how the powder feedstock may change or affect the mechanical properties of the
produced parts. By incorporating unique powder/part characterization methods, this study
quantifies the rheological properties of continually recycled 17-4 precipitation hardening (PH)
stainless steel (SS) powder through successive printing of mechanical test specimens. The AM
specimens are subjected to tensile tests, to correlate mechanical behavior to changing powder
quality, including particle size/shape distribution, flowability, and density.
Keywords: 17-4 PH stainless steel; Laser powder bed fusion; Powder characterization; Powder
recycling; Mechanical properties; Tensile behavior
Introduction
Additive manufacturing (AM) has become a well-known layer-based manufacturing
technique which helped in overcoming several limitations inherent to subtractive manufacturing
methods – allowing end users the ability to fabricate near-net shaped parts directly from computer
aided design (CAD) models [1, 2]. AM facilitate the production of parts with complex geometries
which are unobtainable through the traditional manufacturing methods. Laser powder bed fusion
(L-PBF) is one of the most common AM processes for fabrication of metallic components [3]. In
this process, parts are fabricated by repeatedly melting and fusing a thin layer of powder by a highpowered laser source to successively build components layer-by-layer. Titanium and aluminum
alloys, various grades of stainless steels and Nickel-based super alloys are the most implemented
materials by this method [4]. L-PBF systems are preferred due to their ability to produce finer
resolution and higher quality parts compared to other AM methods [5].
Although AM has its advantages, there are some issues, which must be thoroughly
investigated before these parts are being used as critical load bearing parts. Various defects
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inherited from the process such as porosity, lack of fusion voids and surface roughness are the
main drawbacks, which may affect the mechanical performance of the parts, especially under
cyclic loading. Utilizing appropriate process parameters, build orientation and powder conditions
have been reported as important parameters to control or reduce the aforementioned issues [6].
Considering the powder is one of the most crucial elements in the L-PBF method, many studies in
the past have examined how powder characteristics effect the mechanical behavior of fabricated
parts. Recently, morphological characteristics comprising size, shape and surface roughness have
been studied. Irrinki et al. [7] studied gas- and water-atomized powders with different mean
particle sizes, and observed lower porosity and higher part densities when fabricated with finer
particle sizes. Parteli et al. [8] developed a particle-based numerical simulation and reported larger
surface roughness values when parts are fabricated with powders containing a larger size
distribution of particles. This was attributed to the finer particles tendency to form larger
agglomerates, which increases porosity as a result of larger particles inability to fill voids during
packing. Sutton et al. [9] has mentioned that the flowability and layer homogeneity are highly
influenced by particle size and size distribution. Moreover, the large particles and agglomerates
may produce voids because of the reduction in packing density.
Other studies have also investigated how recycling and reusing can change powder
characteristics and its relation to the mechanical properties of fabricated parts. Powder reusing is
of high importance to industries because of its economic and environmental perspective. Currently,
using either the un-melted metal powder from the previous builds or mixing with virgin powder
are potential strategies. However, it has been indicated that recycling powders comprised of
powder particles that have been exposed to the building chamber conditions, with condensate
powder particles splattered from the melt pool can have an effect on the fabrication fusion process,
which can lead to variation in the overall material properties of the part [10].
Debate remains on the methodology and effects of powder recycling on AM material
properties. Some studies have reported no variation in mechanical properties fabricated via
recycled powders [11-13]. Jelis et al. [11] studied the effects of powder recycling on the
mechanical properties of AM 4340 steel fabricated through direct metal laser sintering (DMLS).
Virgin and once-recycled powder were used and passed through an 80 µm sieving screen in order
to eliminate the overexposed and splattered condensate particles. Insignificant changes in chemical
composition of powders, and tensile properties were reported. Similarly, Jacob et al. [12] reported
insignificant changes in shape, particle size and particle size distribution, but an increase in the
apparent density and powder bed density were observed after recycling 17-4 PH stainless steel
powders up to 11 times. Although, some changes in powder rheological properties were reported,
there were no significant changes in the tensile behavior of tested specimens. In addition, it has
been reported that IN718 powder properties and tensile deformation behavior had no change after
14 times powder recycling [13]. On the other hand, Tang et al. [14] reported an increase in the
yield and tensile strength of Ti-6Al-4V parts after 21 times powder recycling. This was attributed
to the increase in oxygen content absorbed during the fabrication process.
Although many studies have investigated the powder recycling effects on the tensile
behavior of fabricated parts, the fatigue performance of the parts have not been studied. As
mentioned earlier, changes in powder rheological properties induce porosity and surface
roughness. Many studies have reported the detrimental effects of defects such as pores, lack of
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fusion and surface roughness on the fatigue performance of AM parts [2, 3, 15, 16]. Therefore,
understanding the powder recycling effects on the cyclic deformation behavior of AM parts is
essential.
17-4 precipitation hardening (PH) stainless steel (SS) has drawn significant attention
recently due to its outstanding characteristics, such as high tensile/impact strength, fracture
toughness and corrosion resistance at service temperatures below 300 °C. This material is widely
used for structural components in aerospace, petrochemical, power plants and marine
environments [17, 18]. The goal of this study is to investigate the effects of powder degradation
on the microstructural evolution, monotonic and cyclic deformation behavior of 17-4 PH SS after
powder recycling. Moreover, identifying a measurable variable of powder properties indicative of
the part quality is another goal of this ongoing study. The preliminary results of this broad powder
study will be presented in the present paper. Following the introduction, the material and
experimental procedures are presented. The powder characterization results and tensile
deformation behavior are then discussed. Finally, important conclusions are drawn.
Experimental procedures
Argon- atomized 17-4 PH SS powder with the particle size distribution (PSD) of 15-45 µm
provided by LPW Technology Inc. was used for this study. The chemical composition of the virgin
powder is presented in Table 1. 15 sets of prints were carried out using 80 kg of powder, with the
aim of recycling the powder after each print. Figure 1 shows the full print and half print layouts.
The full print layout consists of tensile, fatigue and impact test specimens, while the half print
layout only includes the tensile and impact test specimens. This strategy not only minimized
fabrication time, but also afforded a greater number prints (number of powder recycling times).
Batch numbers 1, 5, 10 and 15 followed the full print layout, while batches in between followed
the half print layout. Specimens were fabricated vertically in a nitrogen atmosphere using an EOS
M290 L-PBF system. Default build parameters were used, as well as the fabrication started with
unused, virgin powder (batch 1). The un-melted powder after each fabrication was being collected
and sieved through an 80 µm screen and mixed with the original powder in the feed bin to generate
the feedstock for the next batch. After mixing the powder, a sample representative of all the powder
in the feed bin was obtained according to ASTM B215-15 [19] (equal increments from different
depths of the powder). This process was continued after ever printed batch until the 15th print. It is
worth mentioning that no virgin powder was added in between the fabrication of batches, in order
to isolate the effects of powder recycling on the rheological properties and final mechanical
response of the parts.
To characterize the rheological properties of the powder used in fabricating batches 1, 5, 10
and 15, a Freeman Technology rheometer (FT4) machine was employed. This instrument is
capable of measuring various rheological powder properties including bulk/apparent and tapped
(maximum) density, compressibility, aeration ratio, cohesion, permeability, and shear stress. This
instrument quantifies the powder’s rheological properties measuring the amount of work done in
moving the blade through the powder from the top to the bottom of the vessel. In the current stage
of this study, only powder bulk density, aeration ratio, and cohesion were measured.
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Table 1. Chemical composition of 17-4 PH stainless steel powder

(Wt.
%)

C

Cr

Ni

Cu

Mn

Si

Nb

Mo

N

O

Fe

0.01

15.6

4.03

3.89

0.24

0.29

0.33

<0.01

0.01

0.05

Bal.

(a)

(b)

Figure 1. The layout of prints: (a) full print, (b) half print
Specimens were heat treated, which included a 30-min solution treatment at 1050˚C,
followed by air cooling to the room temperature, and subsequent annealing for 4-hrs at 552˚C,
followed again by air cooling to room temperature.
To evaluate the mechanical properties, specimens were subjected to uniaxial tensile tests
at room temperature at 0.001 s-1 strain rate using MTS Landmark servo hydraulic test system with
100 kN load cells. Tests were carried out in two steps, strain-controlled and displacement
controlled. Since the elongation to failure of the material is higher than the resolution of the
extensometer, the strain-controlled step was carried up to 0.045 strain and continued in
displacement control to the final fracture by removing the extensometer. For certainty, three tensile
tests were conducted for each batch to see the consistency of the results and eventually, the average
is presented.
Results and discussion
Powder Quality
Figure 2 represents the variation in density of powder samples obtained from batches 1, 5, 10
and 15. As observed, the powder density increased with the number of recycling times. This is
attributed to the change in the powder particles size distribution. Finer particles melted and
solidified, while particles greater than 50 µm were pushed away from the build plate via the
recoater arm since the pre-adjusted gap between the substrate and the recoater arm was smaller
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than 50 µm. It has been previously reported that due to the shape, frictional forces, particle
interlocking and changes in the moisture level of the powder, particles are expected to agglomerate
[14]. As such, any agglomerated particles passed through the sieve screen were broken down into
finer particles. This effect will narrow down the PSD with each recycling time. Any changes in
PSD will affect the porosity distribution in the powder bed. In fact, the recycled powder with the
narrower PSD has a lower porosity in the powder bed leading to a higher density [9].
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Figure 2. Powder density as a function of recycling
Figure 3 compares the aeration ratio of the reused powder for batches 1, 5, 10 and 15.
Aeration ratio is an indication of powder sensitivity to air pockets. The aeration ratio represents
how easily the gas can flow within the powders and transfer them to the building platform. As
shown, the aeration ratio decreased from batch 1 to 5, and gradually increased up to batch 15.
Accordingly, batch 5 possesses a higher sensitivity to air pockets, which represents less resistance
to inter-particle forces, consequently increasing the flowability of the powder. The aeration ratio
has a direct relation with cohesion, which means that powders with higher aeration ratios have
higher cohesion due to frictional forces and particle interlocking. Accordingly, cohesivity of batch
5 is lower than batches 1, 10, and 15, which makes the powder fluidized and thus improves the
flowability of powder over the build plate.
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Figure 3. Aeration ratio and cohesion of the powder over recycling times
Tensile behavior
Figure 4 compares the tensile deformation behavior of specimens from batches 1, 5, 10 and
15. Figure 4a represents the strain-controlled step up to 0.045 strain before the extensometer was
removed. Figure 4b shows the stress-displacement curve up to the failure. In addition, the tensile
behavior of the different batches is compared in detail in Table 2. At first glance, it is observed
that the tensile deformation behavior has not been affected significantly by incremental change in
powder recycling times. However, details in Table 2 reveal a 20% increase in reduction of area
(RA) and approximately 23% increase in true strain at fracture (𝜀𝜀𝑓𝑓 ) for 5th batch compared to 1st
batch. On the other hand, it seems that incremental changes in powder recycling after the 5th batch
has led to a slight decrease (~ 6-8%) in RA and 𝜀𝜀𝑓𝑓 . In other words, the ductility has increased after
4 iterations in powder recycling (5th batch) and decreases after a higher numbers of iteration times
(10th and 15th batch). The increase in ductility of 5th batch is attributed to its lower cohesion
compare to other batches (Figure 3). As mentioned earlier, lower cohesion means the powder
possess higher flowability, which would affect the contiguity of the part. Accordingly, increase in
the cohesion of powder would decrease the ductility of the part. Moreover, a slight decrease in
strength is observed for the 15th batch.
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Figure 4. Tensile behavior of batches 1, 5, 10 and 15: (a) stress-strain curve up to the 0.045
strain, (b) stress-displacement curve up to the failure
Table 2. The details of tensile test results of batches 1, 5, 10 and 15
Print number
1st
5th
10th
15th
29.50
35.40
34.70
33.00
RA%
𝜺𝜺𝒇𝒇
0.35
0.43
0.42
0.40
Conclusions
This study was carried out to investigate the changes in rheological properties of recycled
powder after 15 sets of prints and the subsequent effects on the mechanical properties of the parts.
The goal of this study was to propose a specific change in powder rheological properties which
causes variation in mechanical properties of the parts. To this end, 15 batches of specimens were
fabricated continuously with a certain amount of powder without adding unused virgin powder.
The remaining powder after fabrication of each batch was sieved and used for the next subsequent
batches. Powder rheological properties were analyzed for print numbers 1, 5, 10, and 15, and
compared to the unused powder. Moreover, the mechanical properties of the specimens belonging
to the above mentioned set of prints were studied based on tensile mode of deformation. The
following conclusions can be made based upon the results:
1. The apparent/bulk density of the powder increased with recycling times. This is attributed to
the change in the PSD after recycling-fabrication-recycling loop. PSD becomes narrower after
each recycling time.
2. Powder cohesion decreased from batch 1 to 5 and then increased from batch 5 to 10 and
plateaued at 15.
3. Powder flowability of batch 5 was the highest amongst all batches examined.
4. Powder recycling up to 5th batch resulted in a 20% increase in RA and 23% increase in 𝜀𝜀𝑓𝑓 . This
is attributed to the decrease in cohesion and an increase in the flowability of powder up to this
level of recycling, which also affects the structural integrity of the part.
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