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Abstract

The characteristics of powder feedstock used during laser powder bed fusion (L-PBF) influence
the mechanical performance of the fabricated parts. The flowability, spreadability, and internal
porosity of the powder can affect the porosity formation and thus, impact the fatigue performances.
Two batches of 17-4 precipitation hardening stainless steel powders supplied by two different
vendors were used to fabricate the L-PBF specimens and investigate the effect of powder
characteristics on porosity and fatigue behavior. The powder batch with a wider particle size
distribution, higher compressibility, higher cohesion between powder particles, and internal
porosity resulted in a higher defect content in the fabricated specimens. Higher defect content led
to inferior fatigue resistance along with more scatter in the fatigue lives. Fractography revealed the
fatigue crack initiation from spherical pores as well as the lack of fusions in both batches.

Keywords: Additive manufacturing, Powder characteristics, Particle size distribution,
Volumetric defects, Fatigue performance

Introduction

Different additive manufacturing (AM) technologies such as laser powder bed fusion (L-
PBF), laser powder directed energy deposition (LP-DED), electron beam directed energy
deposition (EB-DED), etc., use metallic powder as feedstock during the fabrication process [1-5].
The physical characteristics of the feedstock powder such as particle size distribution, sphericity,
internal porosity, etc., have been observed to influence the powder behavior during the AM
processes [6]. Any influence in the powder behavior such as its flowability, spreadability, packing
state, etc., can influence the porosity formation in the fabricated parts and thus, impact the
mechanical properties [7—13]. Few studies have attempted to investigate the effect of powder
characteristics on mechanical performances, especially fatigue performances [7—14].

One of the major characteristics influencing the powder’s rheological behavior, and
therefore the build quality, is the particle size distribution (PSD). It signifies the relative amount
of different-sized powder particles in any specific batch. An AlISi7Mg powder with narrower PSD
was observed to have lower cohesion between powder particles leading to better flowability and
thus, higher density L-PBF parts [15]. On the other hand, iron powder with a wider PSD was
observed to fabricate lower-density L-PBF parts [16]. The smaller iron powder particles were
observed to agglomerate, resulting in a poor packing state during the L-PBF fabrication process.
In addition, the powder batches with narrower PSD have been observed to possess a better packing
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state resulting in lower compressibility [11,17]. In a powder recycling study of Ti-6Al-4V material,
the recycled powder batch with narrower PSD was observed to have better flowability, resulting
in fewer and smaller pores, and thus, better fatigue performance [11].

Rheological properties of the powder are also influenced by the particle’s surface features
such as satellites and the sphericity of the powder particles. The presence of satellites has been
observed to increase the friction between the powder particles, impeding the flow of Ti-6Al-4V
and nickel-based alloy powder [18]. It resulted in the parts with a lower density as well as lower
ductility. In addition, the same study reported higher flowability of the powder with higher
sphericity [18].

Although a few studies have been done to understand the effect of powder characteristics
on mechanical performance, only limited research is available correlating its effect on the fatigue
behavior of AM materials. Furthermore, America Makes and the American National Standards
Institute (ANSI) have considered “flowability”, “spreadability”, “particle size and particle size
distribution”, “particle morphology”, “hollow particles and hollow particles with entrapped gas”,
and “metal powder specifications” as some of the major technical gaps (PM1, 4, 6, and 7) in the
additive manufacturing standardization collaborative (AMSC) roadmap [19]. Hence, this study
compared two different batches of 17-4 precipitation hardening (PH) stainless steel (SS) metallic
powders obtained from different vendors and correlated the effect of powder characteristics on
porosity formation as well as fatigue performance of L-PBF parts. The 17-4 PH SS alloy was
selected due to its variety of applications in aerospace, oil refinery, and biomedical industries
[20,21].

Material and Methods

17-4 PH SS argon-atomized powders supplied by Carpenter Technology (i.e., Batch 1) and
EOS (i.e., Batch 2) were utilized to fabricate cylindrical bars in EOS M290, an L-PBF AM
machine. Bars were fabricated in a vertical orientation using recommended process parameters.
The recommended process parameters for 17-4 PH SS include 220 W laser power, 756 mm/s laser
speed, 100 um hatch distance, 40 um layer thickness, and 67° inter-layer rotation angle. The
chemical compositions of both powder batches as reported by the powder’s manufacturer are listed
in Table 1. After fabrication, the bars were heat treated to CA-H1025 schedule as seen in Fig. 1(a)
(i.e., solution annealing at 1050 °C for '4 hour followed by air cooling and aging at 552 °C for 4
hours followed by air cooling) [22]. The heat-treated bars were machined according to ASTM
E466 [23] to final geometry shown in Fig. 1(b) and selected randomly from the build plate for
fatigue testing. Fully-reversed force-controlled fatigue tests were performed at 500 MPa, 600 MPa,
and 800 MPa stress levels using an MTS servo-hydraulic load frame.

After fatigue failure, fractography was performed to investigate the crack initiating defects
using Zeiss Crossbeam 550 scanning electron microscope (SEM). Rheological properties of
powders were investigated using Freeman Technology (FT4) powder rheometer according to
ASTM D7891 [24], PSD using Anton Paar PSA 1190 based on laser diffraction technology [25],
particle surface morphology using SEM, and internal porosity using Zeiss Xradia 620 Versa X-
ray computed tomography (XCT) machine. The XCT scans were post-processed using ImageJ and
Dragonfly Pro software [26,27]. In addition, the porosity in the fabricated specimens was
investigated using Keyence VHX-6000 digital optical microscope. The porosity was investigated
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in 4 different cross-sections (i.e., perpendicular to the building direction) throughout the gage-
section of the specimens.

Table 1 Chemical compositions of the 17-4 PH SS powders reported by the powder manufacturers.

Element (Wt. %) Batch 1 Batch 2

C 0.010 0.010
Cr 16.300 16.670
Ni 4.180 4.270
Cu 4.100 3.680
Mn 0.220 0.050
Si 0.400 0.020
Nb 0.250 0.310
Mo 0.020 0.080
N 0.040 0.100
@) 0.050 0.030
P 0.012 0.010
S 0.004 0.004
Fe Bal. Bal.
(a) (b) |
Condition A
1050 °C for % hour Aging QZ/ .

Temperature

552 °C for 4 hour - 4_ [

Time

Fig. 1 (a) CA-H1025 heat treatment schedule applied to 17-4 PH SS specimens. (b) The geometry
of machined force-controlled fatigue specimens in accordance with ASTM E466 [23]. All
dimensions are in mm.

Results and Discussion

Powder Characteristics

Various characteristics of the feedstock powder such as its shape, size distribution, internal
porosities, etc. influencing the flowability, spreadability, packing state, agglomerate formation,
etc. were investigated. The surface morphology of the powder particles representative of the
considered powder batches was examined and shown in Fig. 2. In general, the average particle
size of Batch 2 was higher as compared to Batch 1. Anomalies such as satellites were observed in
both batches; however, it seemed to be higher for Batch 1(see Fig. 2(b & d)). The presence of
these satellites can increase interparticle friction and result in lower flowability and spreadability
[28,29]. Fig. 2(b) shows the presence of open pores in Batch 1 powder. Regarding sphericity, it
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seemed to be higher in Batch 2 as compared to Batch 1 (see Figs. 2(b & d)); however, a thorough
analysis needed to be performed to support the statement. Higher sphericity has been observed to
increase the spreadability of the powder particles [18].

,,,.’l‘rfﬁf 20 pm £

Fig. 2 Particle morphology of (a & b) Batch 1 and (c & d) Batch 2 powder. Red and blue arrows
point to satellites and open pores in the powder particles, respectively.

The PSD of each powder batch was investigated three times and their average is shown in
Fig. 3. The average particle size in Batch 2 was observed to be larger than in Batch 1. In addition,
Batch 1 contained a larger number of smaller particles as compared to Batch 2. The smaller powder
particles tend to adhere with each other and also with larger particles, and form agglomerates
[9,16]. Such agglomerates can result in lower flowability as well as a poor packing state of the
powder due to the presence of air/void between them. Fig. 3(c) presents the Dio, Dso, and Dog
measures of both powder batches, where Dy signifies that x% of the powder particles is below its
value. The Dio, Dso, and Dog for Batch 2 were 40%, 43%, and 38% higher as compared to Batch
1. As seen in the plot, the Dios of Batch 1 and Batch 2 are smaller than 21.7 pm and 30.4 um,
respectively. This further validates the statement that Batch 1 is more prone to the formation of
agglomerates as compared to Batch 2. From the previous study, the compressibility—which
signifies the amount of air in between the powder particles—of Batch 1 was 67% higher than Batch
2 [14]. In addition, a good correlation was observed between the shear stress required for the
powder batch to flow at different applied normal stresses. Batch 1 required higher shear stress to
flow as compared to Batch 2 suggesting higher friction or resistance in between the Batch 1 powder
particles. This behavior was attributed to the higher cohesion (i.e., two times) in between Batch 1
powder particles as compared to Batch 2 [14].

The span (i.e., span = (D9o-D10)/Dso) was calculated to be 0.8 and 0.76 for Batch 1 and
Batch 2, respectively [29]. The lower span of Batch 2 indicates a narrower PSD and a more uniform
particle size. Typically, fine particles attaching to larger particles have been observed to degrade
powder's flowability and spreadability characteristics. Hence, it can be expected that the Batch 2
powder particles flow more smoothly and uniformly across the build plate as compared to Batch
1.
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Fig. 3 Comparison of PSD between powder batches: (a) Volumetric probabilistic density
distribution, (b) cumulative density distribution, and (c) D10, Dso, and Dop measurements. (d) The
comparison of the shear stress required for the powders to flow at different stress levels.

Porosity in Powder Particles and Fabricated Specimens

The XCT findings of both powder batches are illustrated in Fig. 4. The voxel size of 0.73
um was used during the XCT scans of 0.3055 mm?® volume. In general, Batch 1 contains smaller
but more internal pores as compared to Batch 2. A few large-size internal pores were evident in
Batch 2 as seen in Figs. 4(d-f). The largest pores inside the powder particles in both batches were
in the range of 30 um to 33 um. During fabrication, these entrapped pores inside the powder
particles may escape from the melt-pool; however, if the Marangoni force—which can push the
gas bubbles downward—is higher than the buoyancy force, these particles get trapped in the
substrate during the solidification process [30]. The presence of a large number of internal pores
in Batch 1 powder particles as well as its poorer packing state made it susceptible to the formation
of a higher degree of volumetric defects in the fabricated parts [31-33]. The statistics of the intra-
particle pores is presented in Fig. 5(a). As shown, the pore count in Batch 1 powder was
significantly higher than in Batch 2 for most size ranges. During the analysis, defects with sizes
smaller than 10 um were discarded.
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Fig. 4 Internal porosities observed in (a & b) Batch 1 and (d & e) Batch 2 powder particles. The
color scale signifies the equivalent diameter of internal pores in the pum scale. In addition, one
volumetric scan slice from (c) Batch 1 and (f) Batch 2 is presented.

After fabrication, porosity analysis of specimens was performed using digital optical
microscopy to investigate the influence of powder characteristics on defect content (see Fig. 5(b)).
Parts fabricated using Batch 1 resulted in more volumetric defects for all size ranges. The size
range of the defects observed in both powder particles and specimens was similar. In addition, the
standard deviation observed during porosity analysis between 4 different layers was found to be
higher for Batch 1 specimens. The observation made in Fig. 5(b) agrees with the earlier findings
regarding flowability, packing state, as well as internal porosity in the powder particles. The
presence of agglomerates and poor spreadability across the build plate for Batch 1 might have
resulted in a non-uniform powder layer during the fabrication process. In addition, the presence of
a higher degree of intra-particle porosity in Batch 1 (see Fig. 4) exacerbated the process and
resulted in a higher porosity.
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Fig. 5 Size distributions of defects observed in (a) particles of the two powder batches via XCT
and (b) fabricated specimens via digital optical microscopy.

Fatigue Performance

The stress-life fatigue behavior of specimens fabricated using both powder batches is
shown in Fig. 6. The fatigue behavior of Batch 1 specimens was adapted from Soltani-Tehrani et
al. [9]. The fatigue resistance of both powder batches was comparable at low cycle fatigue (LCF)
regime. It was attributed to the similar microstructure in both materials after being subjected to the
same, CA-H1025 heat treatment schedule. However, the difference was more prominent in mid-
cycle fatigue (MCF) and high cycle fatigue (HCF) regimes. The fatigue lives observed for Batch
2 specimens were higher in MCF and HCF regimes as compared to Batch 1. Furthermore, one
Batch 2 specimen tested at 500 MPa was observed to be run out (i.e., exceeded five million cycles).
Since the fatigue resistance of the material is more sensitive to the volumetric defects in HCF, the
scatter was also observed to be higher at HCF for both powder batches. The higher level of porosity
observed in Batch 1 specimens as compared to Batch 2 (see Fig. S(b)) agrees with the fatigue
performances observed in Fig. 6.

Fractography was performed to examine the crack initiating defects in both batches of
specimens. Since the fatigue specimens were machined and polished to a mirror finish, the effect
of surface roughness was eradicated and the cracks were observed to have initiated from the
volumetric defects. In both batches, cracks initiated from spherical defects as well as irregular-
shaped lack of fusions. Closer inspection revealed that the cracks in a few of the Batch 1 specimens
initiated from more than one defect grouped together as seen in Fig. 7(a). Effectively, the closely
grouped, smaller defects behaved as one big defect [9].

433



900
s o vep o Batch 1
= 800 r °e e Batch 2
bﬂ!
s 700 F
o
2
= 600 ® o o o
2 500 | ©° @ %  <%|Run-out
i;._’. 2x
v 400 Lol Lol Lol SR RT
1E+03 1E+04 1E+05 1E+06 1E+07
Cycles to Failure, N

Fig. 6 Stress-life fatigue behavior of L-PBF CA-H1025 17-4 PH SS machined specimens
fabricated using Batch 1 and Batch 2 powder batches.
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Fig. 7 Fractography of L-PBF CA-H1025 17-4 PH SS machined specimens fabricated using (a)
Batch 1 and (b) Batch 2.

Conclusions

Characteristics of powder feedstocks such as particle morphology, particle size
distribution, internal porosity, etc., were observed to influence their flowability, spreadability,
packing state, etc. This resulted in different degrees of porosity in the fabricated specimens and
thus, different fatigue performances. The conclusions drawn from this study are:

e The presence of finer powder particles and higher cohesive force between them resulted in
the formation of agglomerates, and thus led to a poor packing state.

e Lower flowability and poor packing state of Batch 1 powder resulted in higher porosity in
the fabricated specimens.

e Higher porosity deteriorated the fatigue resistance of Batch 1 specimens. In addition, it also

resulted in more scatter in the fatigue lives of Batch 1 specimens as compared to Batch 2.

e Fatigue cracks were observed to initiate from spherical and irregular-shaped lack of fusion
defects.
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