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Abstract

In powder-based metal additive manufacturing, one key specification that needs to be precisely optimized is the particle shape and
size distribution of metallic powders. Particle shape and size distribution influences the flowability of the powder and the uniformity
of powder bed density (i.e. packing state of the powder). These eventually affect the porosity, which ultimately influences the
fatigue performance of the fabricated parts. Therefore, it is essential to understand the effect of powder characteristics on the fatigue
behavior before additively manufactured parts can be used in load-bearing, safety-critical applications. The current study aims at
assessing the effects of powder particle size and morphology on mechanical properties and fatigue response of laser beam powder
bed fused (LB-PBF) Ti-6Al-4V; an alpha-beta workhorse alloy of the titanium family. Several Ti-6Al-4V powder batches with
different size distributions are used to fabricate the parts employing an EOS M290 machine. Powder characteristics, including
flowability, compressibility, cohesion, size, and shape morphology, are investigated to reveal the differences between the two tested
powder batches. Porosity levels and mechanical testing results are compared among specimens fabricated from different powder
batches and the differences are explained based on variations in powder characteristics.
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1. Introduction

Due to the thriving interest in laser beam powder bed fusion additive manufacturing (LB-PBF), understanding
metallic powder, which is used as the feedstock material in the LB-PBF processes, has recently gained a lot of attention
(Shamsaei et al., 2015). Granular powder, however, is typically complex as it can be consisted of solid (i.e., particles),
gas (i.e., gas-entrapped pockets within the powder bulk), and liquid (i.e., in case of moisture absorption). In addition,
powders have multiple characteristics including, but not limited to, particle size distribution (PSD), shape, surface
chemistry, and microstructure which further entangles its interpretation (Carrion, Soltani-Tehrani, Phan, & Shamsaei,
2019; Soltani-Tehrani, Pegues, & Shamsaei, 2020).

Before the widespread adoption of AM technologies, it is important to assess how the powder characteristics are
correlated with the part performance and more specifically fatigue resistance in load critical applications (Daniewicz
& Shamsaei, 2017; Yadollahi & Shamsaei, 2017). In this study, the particle size distribution (PSD) of the powders
will be specifically investigated. The PSD is reported as one of the main factors governing powder behavior including
flowability and packing state (Sutton, Kriewall, Leu, & Newkirk, 2017; Tan, Wong, & Dalgarno, 2017). Recently,
researchers have tried to shed light on the effects of PSD on the powder behavior and consequently the part
performance of additive manufactured (AM) parts (Jian et al., 2021).

Nomenclature

AB As-built

AE Aeration energy

AM Additive manufacturing

AM Additive manufactured
AMSC America Makes & ANSI Additive Manufacturing Standardization Collaborative (AMSC)
%EL  Percent elongation to failure
HCF  High-cycle-fatigue

HRC  Rockwell C hardness

LB-PBF Laser beam powder bed fusion
LCF Low-cycle-fatigue

M Machined

MCF  Mid-cycle-fatigue

NHT  Non-heat-treated

PSD Particle size distribution

Ti64  Ti-6Al-4V

UTS  Ultimate tensile strength

YS Yield strength

Cordova et al. (2020) showed that the presence of spherical particles in powders can considerably increase their
flowability. In addition, it was reported that finer particles can result in a superior packing state while coarser particles
tend to increase the powder flowability. Therefore, the compensation between flowability and packing state can be a
challenge in LB-PBF. It was also shown that powder bulk density is an important factor to govern powder flowability.
For example, almost similar flowabilities were noted for the A1Si10Mg and Scalmalloy as they have almost identical
bulk densities. Similar research on the LB-PBF Ti-6Al-4V (Ti64) part performance showed that less spherical powder
particles are more sensitive to the manufacturing parameters such as layer thickness (Brika, Letenneur, Dion, &
Brailovski, 2020). Additionally, it has been reported that the presence of fine particles can adversely affect the powder
flowability and even the packing state in case of agglomeration due to higher inter-particle frictional forces of fine
particles (German, 1984; Tan et al., 2017). In this study, the parts fabricated with the coarser PSD showed superior
ultimate tensile strength (UTS) and slightly lower percent elongation to failure (%EL) or ductility as compared to the
finer powder. Still, the parts fabricated with the coarser powder had higher part densities. Interestingly, the part
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performance variations observed as a result of different PSDs in the literature can be dependent on the manufacturing
system, i.e., LB-PBF or electron beam powder bed fusion (EB-PBF) as well as different material systems.

In this regard, Nandwana et al. (2018) investigated the effects of different PSDs on the performance of EB-PBF
Ti64 parts. A higher UTS was noted for the coarser PSD in both horizontally- and vertically-fabricated specimens. On
the other hand, the finer powder showed better high cycle fatigue (HCF) performance than the coarse batch. Opposite
results have been reported for the LB-PBF AlSi10Mg by Jian et al. (2021). In this study, it was stated that the specimens
manufactured from the coarser batch can have much higher ductility (~two times greater) and almost identical UTS
values.

In terms of fatigue performance, it was observed the coarser batch has typically a higher HCF performance for
different stress ratios (R) including -1, 0, and 0.5. The higher ductility and fatigue resistance of LB-PBF coarse
AlSi10Mg specimens was correlated with the smaller and fewer number of defects in this batch. The critical defect
size in the coarse powder specimens was almost half of the ones in the fine powder specimens. Conversely, Riener et
al. (2020) observed negligible variations in tensile properties including UTS, yield strength (YS), and %EL of LB-
PBF AlSil0Mg parts fabricated with different PSDs. However, higher surface roughness was noted for the specimens
manufactured from the finer powder.

As it is vivid, the question of “how PSD can affect the mechanical performance of AM Parts?” has been remained
unanswered, which necessitates a more careful examination of PSD variations. As a result, two Ti64 powders with
different PSDs were used to evaluate the effects of particle size on the powder behavior. In addition, the mechanical
performance of the parts was assessed by performing tensile and fatigue tests. Some discussions will be provided to
correlate the observed variations in powder with the part performance. Lastly, some conclusions will be drawn based
on the results. This article will further contribute to some major technical gaps associated with PSD and reported in
America Makes & ANSI Additive Manufacturing Standardization Collaborative (AMSC) Roadmap (America Makes
& AMSC, 2018).

2. Experimental Program

In this study, plasma-atomized Ti64 powders with PSDs of 15-53 um (coarse) and 15-45 pm (fine) were used.
Both powders had an almost comparable concentration of alloying elements. The same layout was fabricated with
both powders using LB-PBF EOS M290 machine, by employing a 280-W laser power, 1200-mm/s scanning speed,
0.14-mm hatching distance, and 30-um layer thickness. In addition, argon was used as the shielding gas during
fabrication. As seen in Fig.1, the build plates consisted of net-shaped fatigue specimens according to ASTM E466
which were later tested in as-built (AB) surface condition, and cylindrical rods which were machined to geometries
of fatigue and tensile specimens according to ASTM E466 and ASTM ES, respectively (ASTM International, 2015,
2016), and tested in their machined (M) surface condition.
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Fig. 1. The top view of the build layout used for fabrication of LB-PBF Ti64 parts.
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After fabrication, parts were detached from the build plate, and some parts were selected for heat treatment. The
heat treatment was consisted of stress relief (SR) at 900 °C for one hour and cooled to room temperature inside the
furnace. After SR, the cylindrical rods were machined into the geometry of fatigue and tensile test specimens as
illustrated in Fig 2. Additionally, specimens for microstructural characterizations were cut along the longitudinal plane
and they were etched using the modified Kroll’s reagent (10% HF: 10% HNOs: 80% distilled water) to reveal the
microstructure as well as the melt pool boundaries.
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Fig. 2 Net-shaped geometry of (a) fatigue specimens according to ASTM E466 (ASTM International, 2015) and (b) tensile according to the
ASTM E8 (ASTM International, 2016).

Some specimens from both powder batches were selected for X-ray-CT. The X-ray-CT was conducted with a voxel
size of 6 um. However, defects smaller than 10 pm were excluded from analyses. Tensile tests were conducted in
displacement-control with an equivalent strain rate of 0.001 mm/mm.s"'. All tensile tests were paused at 0.05 mm/mm
(5%) strain to remove the extensometer and then continued until the final fracture. The UTS, YS, and %EL were also
measured. For fatigue, tests were performed in force-control mode and the cyclic stress rate was kept constant for all
the specimens. Fatigue tests were conducted at different stress amplitude levels and the tests which reached 5 X 10°
cycles (i.e., 107 reversals) were considered as run-out or no failure test.

In addition, hardness tests were performed using a LECO LCR 500 with a 60 uN/s load rate. Rockwell C (HRC)
was used to indent and report the results as recommended by the manufacturer for Ti64. Powder characteristics
including compressibility and cohesion were investigated by a Freeman Technology (FT4) powder rheometer.
Followed by the experimental program, experimental results will be provided and discussed. Any variation observed
in part performance will be correlated with the powder characteristics. Lastly, some conclusions will be made based
on the results.

3. Experimental Results and Discussion

At first, compressibility was evaluated which is representative of the powder packing state. The compressibility
can indicate how the powder density changes when normal stress is applied (Brika et al., 2020; Freeman Technology,
2008). Therefore, a powder with lower compressibility is desired for the LB-PBF representing fewer empty spaces
(voids) among the particles. These voids are entrapped within the solidified material resulting in the formation of
volumetric defects, and specifically, gas-entrapped pores. As seen in Fig. 3, coarse powders possess higher
compressibility compared with fine powders. This means that the coarse powder requires more compaction to become
fully dense. As a result, it can be postulated that fine powders possess a better particle arrangement with fewer empty
spaces within the powder bulk, while more defects can be expected in the specimens manufactured from the coarse
powders.

Another factor that was investigated in the present study is cohesion. Cohesion is obtained as an output of the shear
cell test with the FT4, and it shows the resistance of powder to shearing and flow. Therefore, a powder with lower
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resistance and consequently cohesion is desired for LB-PBF due to its superior flowability.

The higher flowability would result in higher spreadability and a more uniform powder layer on the build plate. As
seen in Fig. 4, almost identical flowabilities are observed with a slight inclination toward the fine powder. The
marginally higher cohesion of fine powder can be well correlated with the span values. The span, defined as the Doo-
D1o/Dso, where a Dy of y represents that x% of particles are smaller than y, can show the uniformity of powder particles.

Powders with smaller spans are typically better-balanced in size and provide a higher flowability (Carrion et al., 2019;
Soltani-Tehrani et al., 2020).
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Fig. 3 Compressibility of the coarse and fine powders obtained by the FT4 powder rtheometer.

The span of the fine powder was slightly narrower than the coarse one, illustrating a good correlation with the flow
and packing behaviors. The identical flowabilities observed in both powder batches can be attributed to the presence
of highly spherical powder particles with minimum porosity (Moghimian et al., 2021). This hypothesis is also echoed
in the bulk densities which were 2.9 and 2.8 g/cm? for the coarse and fine powders, respectively.
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Fig. 4 Cohesion of the coarse and fine powders obtained by the FT4 powder rheometer.
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Upon characterizing the powders, the microstructural assessment was performed to investigate whether different
PSDs can alter the microstructure or not. As seen in Fig. 5, the microstructure of the coarse and fine powder specimens
in the non-heat-treated (NHT) condition is illustrated. No clear difference was noted in the microstructure of the parts
in the NHT condition due to different particle sizes. The microstructure consists of martensitic o in prior § columnar
grains. The melt pool depth and overlap depth were measured according to the NASA MSCF 3717 as illustrated in
Fig. 5(c). In this method, the melt pool depth, dp,, and overlap depth, do,, are evaluated from the top layer, and
normalized with the layer thickness (i.e., 30 um).

Fig. 5 Melt pool illustrations for the (a) coarse and (b) fine powder specimens as well as (c) the schematic of a melt pool depth and overlap depth
adapted from NASA MSFC 3717 (NASA, 2017).

It was seen that the ratio of melt pool depth and overlap depth to layer thickness are 2.4 and 1.5, respectively in the
case of coarse powder and 4.7 and 3.3 for fine powder specimens. Ratios larger than one indicates enough remelting
between subsequent layers and the absence of a lack of fusion defects. The larger melt pool depths (i.e., larger laser
penetration depth) in the fine powder specimens can be attributed to the higher absorptivity of finer particles
(Spierings, Herres, & Levy, 2011). Therefore, larger particles require more input energy density resulting in higher
cooling rates during fabrication and consequently shallower melt pools (Shrestha, Shamsaei, Seifi, & Phan, 2019;
Soltani-Tehrani, Shrestha, Phan, Seifi, & Shamsaei, 2021). Similar results were noted in the HRC values. As seen in
Fig. 6, the HRC results did not show much variation between the coarse and fine powder specimens in the NHT
condition, which can be attributed to comparable microstructures resulted from different PSDs.
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Fig. 6 HRC values for the coarse and fine Ti64 powder specimens.

Tensile tests performed on both sets revealed that the UTS is slightly higher for the fine powder, similar to the
HRC results (see Fig. 7). Ductility, represented by the %EL, was remarkably higher for the case of coarse powder.
Noting a higher ductility for coarse powder specimens is quite interesting as ductility is directly correlated with defect
content. Previously, it was predicted that fine powder possesses a superior packing behavior whereas the coarse
powder specimens showed a higher ductility.
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Fig. 7 Engineering stress-displacement curves for the coarse and fine powder specimens.

Although these observations were consistent with the results in Ref. (Jian et al., 2021), the defect content was
evaluated to understand why the coarse powder specimens provide higher ductility. Upon investigation of the
volumetric defects in the specimens manufactured from the coarse and fine powders, the coarse powder specimens
had higher porosity as compared to the fine powder specimens (99.991% vs. 99.994%, respectively), as expected. The
average defect size was also 32 um for the coarse and 13 pm for the fine powder specimens, illustrating the less
amount of porosity in the fine powder specimens.

Upon more careful observations with Xray-CT, some large defects were detected in the fine powder specimens.
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For instance, a maximum defect size of 194 pm was found in the fine powder specimen whereas it was 102 um in the
counterpart manufactured from the coarse powder. The very large defects in the fine powder were hypothesized to be
secondary phase particles, resulted from spattering during fabrication (Sutton, Kriewall, Leu, Newkirk, & Brown,
2020). Therefore, the lower ductility of fine powder specimens can be attributed to larger critical defect sizes due to
the higher chance of spattering and/or thicker oxide films around the finer particles (i.e., more surface to volume ratio)
(Leung et al., 2019).

Lastly, the fatigue performance was evaluated for the specimens in their machined surface condition. As seen in
Fig. 8, the bar charts represent the low-, mid- and high-cycle fatigue (LCF, MCF, and HCF) regimes. It can be seen
that the coarse powder specimens had superior fatigue performance in the LCF (i.e., 700 MPa) and MCF (i.e., 500
MPa). This behavior can be ascribed to the higher ductility of the coarse powder specimens, retarding the crack growth
in these regimes. In the HCF (i.e., 400 MPa), although the difference was not significant, the coarse powder specimens
still showed higher resistance to fatigue failures. In this regime, cracks always initiate from the near-to-surface or
internal volumetric defects. It was noted the crack-initiating defects in the fine powder specimens are substantially
larger than the ones in coarse powder. For instance, the critical defect size in a fine powder specimen was 110 pm
whereas it was 64 um in the counterpart specimen fabricated from the coarse powder. The observation on the superior
fatigue performance of coarse powder specimens was also consistent with the results provided in Ref. (Jian et al.,
2021).
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Fig. 8 Fatigue performance of the coarse and fine powder specimens at 400 MPa (HCF), 500 MPa (MCF), and 700 MPa (LCF) stress levels.

4. Conclusions

In this study, two sets of specimens were fabricated from Ti64 powders with different PSDs. Following conclusions
were made based on the experimental results and observations:

e The fine powder showed a superior packing behavior which resulted in considerably fewer volumetric
defects in the as-fabricated parts.

e Both coarse and fine powders showed comparable flowabilities owing to their highly spherical powder
particles.

e  Although fine powder specimens revealed fewer defects, the critical defect size was considerably larger
in the specimens manufactured from this powder.

e Due to the presence of much larger defects in the fine powder specimens, an inferior ductility, as well as
fatigue resistance, was noted for these specimens as compared with their counterparts fabricated from the
coarse powder.
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