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A B S T R A C T   

This work investigates the effects of powder characteristics, particularly particle size distribution (PSD), on the 
micro-/defect-structure, tensile, and fatigue properties of Grade 23 Ti-6Al-4V specimens as well as how these 
effects are influenced by the build location and specimens’ surface finish. Two batches of plasma atomized Ti- 
6Al-4V powder feedstock with two different PSDs of 15–45 µm (fine) and 15–53 µm (coarse) were used for 
fabrication. Both batches exhibited excellent rheological properties with moderate improvement noted in the fine 
batch. The influence of PSDs was shown to be small on the resulting microstructure and surface roughness of the 
specimens, while significant on the volumetric defect distribution. In addition, machined specimens fabricated 
from coarse powder exhibited somewhat enhanced ductility, smaller defects, and some improvements in the 
fatigue properties as compared to the fine powder specimens. These variations were correlated with lower 
tendency of spattering in coarse powder. Process-induced silicon-rich spatters, which were detrimental to both 
tensile and fatigue properties, were more prevalent in the specimens built from the fine powder batch, and were 
ascribed to the rapid decomposition of SiO2. Owing to the highly spherical particles and the resulting excellent 
flowability of both batches, defect content and mechanical properties did not show strong location dependency.   

1. Introduction 

Additive manufacturing (AM) has gained significant attention from 
industrial sectors and governmental agencies, by providing manufac-
turers with more design freedom and the ability to fabricate complex 
geometries and reduce material waste. This booming interest to generate 
functional parts for load-bearing applications has also introduced some 
challenges toward mass production with AM technologies, which ne-
cessitates a more thorough understanding of the feedstock-part perfor-
mance relationships [1,2]. One of the most critical facets is the state of 
the material feedstock − whether in the form of wire or powder, feed-
stock characteristics (i.e., morphology, chemistry, and microstructure 
[3]) can affect the mechanical performance of additively manufactured 
(AM) parts. In the case of laser or electron powder bed fusion (L-PBF or 

E-PBF) AM, where the powder is used as the feedstock, the particle size 
and morphology can play a critical role on the mechanical performance 
of the fabricated parts. 

Morphological characteristics can be mainly divided into particle 
shape and size distribution, which have been reported to influence the 
surface roughness, volumetric defect content, and mechanical behav-
ior—as well as their location dependency—of AM parts [4,5]. It has been 
well established that using a powder batch with highly spherical parti-
cles can improve powder flowability, spreadability, and packing state as 
a result of less interparticle friction [4]. However, when it comes to 
particle size and particle size distribution (PSD), choosing the appro-
priate range can be challenging. On one hand, the presence of fine 
particles in coarse ones can theoretically lead to a more densely packed 
powder bed. On the other hand, excess amount of fine particles—due to 
the higher surface area and more interparticle friction—can result in 
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increased oxygen pickup as well as particle interlocking (i.e., agglom-
eration) which can reduce powder’s overall flowability and spread-
ability and lead to poor powder bed packing [6,7]. 

The differences in the powder bed packing state may influence the 
tensile, fatigue, and fracture properties since they can generate different 
surface roughness, volumetric defect contents, and microstructure in the 
fabricated parts. In terms of surface roughness, although it is generally 
acknowledged that the as-built rough surface compromises the tensile 
ductility and fatigue properties of AM specimens compared to machined 
and polished surfaces, how the surface roughness is affected by powder 
characteristics and rheological properties is not clear. While coarser 
particle size has been shown to lead to higher values in certain rough-
ness parameters [3,4], such as the Ra (arithmetical mean deviation of a 
surface line profile), how well these popular parameters correlate with 
the mechanical properties, especially fatigue, is still debated. Therefore, 
it can be stated that the effect of powder characteristics on the me-
chanical properties of AM specimens with as-built surfaces is not well 
understood (Knowledge Gap #1). 

In terms of volumetric defect content, coarser/larger particles that 
are relatively uniform in size have better flowability and are typically 
associated with lower defect contents in parts, even though the theo-
retical powder bed packing density is relatively low [8]. On the other 
hand, the hindered powder flow due to a large number of fine particles 
can give rise to inconsistent deposition of powder, empty pockets due to 
agglomerates, and higher defect content with strong location de-
pendency [5]. The volumetric defects (e.g., gas-entrapped pores) 
generally do not affect the yield strength (YS) of materials, but they may 
be detrimental to their ductility and the ultimate tensile strength (UTS) 
since they are effective nucleation sites for tension-induced voids [9]. 

For instance, Jian et al. [10] observed lower defect content in parts 
fabricated by a coarser AlSi10Mg powder batch in L-PBF, which yielded 
a much higher ductility (almost twice) and a moderately increased UTS, 
but essentially the same YS compared with finer powder-produced ones. 
This observation was echoed by the results provided by Riener et al. [11] 
for L-PBF AlSi10Mg. Similarly, Brika et al. [6] have shown that speci-
mens manufactured from a coarser Ti-6Al-4 V (Ti64) powder batch via 
L-PBF had a higher part density (lower defect content), true fracture 
strain (εf), and UTS as compared to their counterparts fabricated from 
the finer powder batch [6]. However, although existing studies have 
investigated the effect of fine and coarse particles, the effect of 
wider/narrower PSD span has not been addressed (Knowledge Gap #2). 

In terms of microstructure, the inter-particle contact may be ineffi-
cient in a poorly packed powder bed which may be associated with 

slightly lower thermal conductivity [12], slightly lower cooling rate, 
coarser microstructure, and thus slightly lower YS. This is supported by 
the E-PBF data reported by Nandwana et al. [13], where a coarser α-lath 
thickness was noticed in the typical α + β basketweave microstructure in 
the finer powder specimens. A lower UTS by about 6% for the specimens 
fabricated from the fine Ti64 powder batch was also reported. Although 
YS was not reported in this study, the same trend should hold since the 
strain hardening rate of Ti64 is very low [2,14]. 

While tensile properties of AM parts are affected by powder char-
acteristics via both defect content and microstructure, the fatigue 
properties are primarily dictated by both surface and volumetric defects 
[15,16], more so in the high cycle fatigue (HCF) regime. In the machined 
surface condition, the effect of volumetric defect becomes apparent. For 
instance, Soltani-Tehrani et al. [5] reported that reusing the 17–4 PH 
stainless steel (SS) powder in an L-PBF system can result in smaller de-
fects by changing the PSD, and consequently an enhanced HCF perfor-
mance. Similar influence of PSD and powder rheological properties on 
defect characteristics and fatigue performance in the resulting materials 
were echoed by other studies such as Ref. [10,13]. However, the cor-
relation of fatigue properties with powder characteristics, including 
their rheological properties, is still lacking (Knowledge Gap #3). 
Interestingly, the validity of the “coarser powder-better properties” 
trend noted above is not always true. For instance, Jian et al. [10] 
witnessed a higher fatigue resistance for the L-PBF AlSi10Mg specimens 
fabricated from the coarser batch (average particle size of 50 µm), while 
Nandwana et al. [13] reported that being inferior for the coarser Ti64 
batch (median size of 90 µm, 10th percentile size of 71.4 µm) in E-PBF 
AM. It is expected that excessively large particles are inefficient to 
absorb the incident energy which could lead to poor melting and defect 
formation [11,17]. 

Lastly, in the PBF technologies, the powder is distributed from the 
reservoir on one side of the powder bed to the other; thus, the packing 
state of powder may be location-dependent [5,18]. This location de-
pendency has been primarily associated with powder flowability and 
spreadability [5]. To uncover such a correlation between the powder 
and location, Jacob et al. [18] investigated the spreadability of Inconel 
718 and 17–4 PH SS with different PSDs. It was observed that the 
segregation of powder particles (i.e., the separation of the powder size 
constituents [19]) can result in the non-uniform deposition of powder in 
different locations. This behavior was explained by the “front stress-free 
turning powder wedge” phenomenon, which states that finer particles 
typically move to the bottom of the powder bulk, and consequently, are 
deposited closer to the dispenser, while coarser ones might deposit near 
the overflow bin (i.e., collector) [18,20]. The location-dependent pow-
der bed packing state may produce defect content and mechanical 
properties of the resulting parts that are also location-specific [5]. 
However, this location dependency has hitherto been underexplored 
(Knowledge Gap #4). 

To address the four knowledge gaps defined, this work evaluates the 
effect of powder characteristics on powder rheological behavior as well 
as on the microstructure, surface roughness volumetric defect content, 
and mechanical properties—and their location dependency—of L-PBF 
Ti64 parts. Ti64 is the most widely used titanium alloy in PBF tech-
nologies due to its high strength, low weight, biocompatibility, and 
corrosion resistance which has made it a suitable raw material for 
aviation, space, biomedical, and chemical applications [21]. Two 
batches of Ti64 powder with different PSD ranges (i.e., 15–53 µm and 
15–45 µm) were utilized for fabrication, whose morphological and 
rheological characteristics were thoroughly characterized and used to 
correlate with the variations observed in tensile and fatigue properties of 
the fabricated parts. To investigate the location dependency of micro-
structural, defect, and mechanical properties, parts were placed across 
different locations on the build plate in the powder distribution direc-
tion and tracked during fabrication. This article is arranged as the 
following: Section 2 Methodology, Section 3 Experimental Results, and 
Section 4 Discussion on Experimental Results. Finally, conclusions are 

Nomenclature 

2Nf number of reversals to failure 
εf true fracture strain 
Rσ ratio of minimum to maximum stress 
Ra arithmetical mean height of the profiled line 
σa stress amplitude 
Coarse/Fine powders The PSD of coarse and fine powder batches 

were 15–53 µm and 15–45 µm, respectively 
East/West specimens East specimens were closer to the powder 

feedstock while the West ones were further away 
Gas-entrapped pore An AM process-induced volumetric defect 

formed due to entrapment of shielding gas 
Lack-of-fusion defect An AM process-induced volumetric defect 

formed due to insufficient overlap between molten 
tracks or between layers 

Void A tensile loading induced cavity within the material 
which can grow and coalesce with the neighboring 
voids to induce fracture  
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drawn in Section 5 based on the results and discussion. 

2. Methodology 

In this study, two powder batches of Advanced Powders and Coating 
(AP&C) plasma atomized spherical Ti64 Grade 23 with two different 
PSDs of 15–53 µm and 15–45 µm were used for fabrication. Hereon, the 
two powder batches are referred to respectively as “coarse” and “fine” 
throughout the manuscript. The chemical composition following the 
ASTM F3001 [22] and measured based on ASTM E1409, E1447, E1941, 
and E2371 [23–26], as well as D10, D50, D90 sizes obtained by laser 
diffraction according to ASTM B822 [27] for both batches are reported 
in Table 1. The Dx value signifies the xth percentile particle size, i.e., x% 
of the particles are smaller than Dx μm [4]. The span value is defined as 
the (D90-D10)/D50 [6]. Both batches were sieved using an 80-µm filter 
before loading the feedstock bin to ensure there are no exceedingly large 
particles or agglomerates in the batch. The same layout (shown in Fig. 1 
(a) and Fig. 1(b)) was designed and used for fabrication from both 
powder batches via EOS M290, an L-PBF AM machine, using the process 
parameters listed in Table 2. In this table, the energy density level 
associated with the infill parameters was also calculated which was the 
ratio of laser power to hatching distance, scanning speed, and layer 
thickness [28]. 

In the build layout, 32 net-shaped fatigue specimens (geometry ac-
cording to ASTM E466 [29]) to be tested in the as-built surface condition 
were included (see Fig. 1(c)). In addition, 60 cylindrical rods were 
fabricated, among which, 24 rods were machined to the geometries of 
fatigue specimens (20 rods) according to ASTM E466 [29] (see Fig. 1(d)) 
and tension specimens (4 rods) according to ASTM E8M [30] (see Fig. 2 
(e)) and were tested in the machined surface condition. Two tensile tests 
were performed for per powder batch per location. The build layout also 
contained some half-built cylindrical bars (referred to hereafter as 
microstructural samples) which were used to characterize the micro-
structure representative of the build height at the gage of the test 
specimens. The specimens were specifically placed in two locations, 
including the East, i.e., closer to the feedstock bin, and the West, i.e., 
farther away from the feedstock bin to investigate the effects of location 
on the mechanical properties as well. 

After fabrication, parts were detached from the build plate then 
annealed at 900 ◦C for 1 h and furnace-cooled in an argon environment. 
This heat treatment of L-PBF Ti64 has been reported to decompose its 
martensitic microstructure and result in lamellar α + β and slightly 
higher fatigue strength as compared to stress relief at 740 ◦C for about 
two hours [31]. Before the test, the machined specimens were polished 
using sandpapers with reducing grit. Tensile tests were performed in 
displacement-controlled mode with a nominal strain rate of 

0.001 mm/mm/s according to ASTM E8M [30] via MTS Landmark 
servohydraulic axial test system equipped with a 100-kN load cell. An 
extensometer was attached to the specimen initially and was removed at 
0.05 mm/mm strain to protect the extensometer from any damage. The 
tensile tests were continued until fracture in displacement-controlled 
mode. After the fracture, true fracture strain εf, 0.2% offset YS, and 
UTS were measured and calculated. The fracture surfaces of some tensile 
test specimens were examined using the Zeiss Crossbeam 550 scanning 
electron microscope (SEM). 

In addition, fully-reversed fatigue tests (Rσ = − 1) were conducted in 
the force-controlled mode for both as-built and machined specimens 
based on ASTM E466 [29] using an MTS Bionix Tabletop axial test 
system supplied with a 25-kN load cell. Different stress levels were 
applied on specimens to acquire properties in high- and mid- cycle fa-
tigue (HCF and MCF) regimes. Test frequency was chosen at each stress 
level to ensure a constant average cyclic strain rate for all specimens. 
Each test was continued until the complete separation of the specimen. 
After failure, both pieces of the fractured specimen were protected for 
further fracture surface analysis. All tests that endured 5 × 106 cycles (i. 
e., 107 reversals) were stopped and considered as run-out (no failure) 
tests. Fracture surfaces of fatigue specimens were later investigated via a 
Keyence VHX-6000 digital optical microscope. Using microscopy, the 
crack initiation sites were identified and the defect size was measured 
with the built-in software. 

The Ra surface roughness, i.e., the arithmetical mean height of pro-
filed lines, was evaluated in all East and West as-built specimens fabri-
cated from either coarse or fine powder batches using the Keyence 
microscope. The measurements were performed in a 3-mm length in the 
gauge section from five different locations to verify the results. To 
capture the defect content, 2 machined fatigue specimens per powder 
type in each location (a total of 8 specimens) were selected and scanned 
via Zeiss Xradia 620 Versa at 140 kV voltage and 21 W power. The 
source and detector were positioned in a way to reach a voxel size of 
6 µm. Finally, the Zeiss built-in software was used to reconstruct the 
images. Reconstructed images were then processed with ImageJ to 
assess the defect distributions. In addition, 3D visualizations were 
generated via Dragonfly software. 

Microstructural samples were cut parallel to the building direction, 
mounted in the longitudinal plane, and were polished to achieve a 
mirror-like surface finish. After polishing, electron backscatter diffrac-
tion (EBSD) scans were performed via the Zeiss Crossbeam 550 SEM to 
obtain the microstructure. The Freeman Technology FT4 powder 
rheometer was also used to characterize the rheological properties of 
powder batches, which were sampled following ASTM B215 [32] before 
and after the sieving process from the feedstock bin. Powder charac-
teristics including compressibility, permeability, cohesion, conditioned 
bulk and tapped densities (ASTM B527 [33]), and shear stress (ASTM 
D7891 [34]) were quantified via FT4. Particle morphology and surface 
chemistry were also evaluated by the SEM and energy-dispersive X-ray 
spectroscopy (EDS). Lastly, the PSDs were assessed via a Beckman 
Coulter LS 13 320 laser diffraction particle size analyzer according to 
ASTM B822 [27]. 

3. Experimental results 

3.1. Powder characteristics 

The morphology of both powder batches in the unused (i.e., virgin) 
condition was assessed via the SEM and shown in Fig. 2(a)-(b). It appears 
that both coarse and fine batches consist of highly spherical particles 
that are relatively uniform in size, despite a few irregularly-shaped ones 
that may form due to the atomization process or powder handling. These 
features are consistent with the output of plasma atomization, which 
typically produces very spherical particles, narrow PSDs, and fewer in-
ternal defects (i.e., gas-entrapped pores in powder particles) [3,4,35]. In 
the magnified views in Fig. 2(a)-(b), some fine particles as well as 

Table 1 
Chemical composition and D10, D50, and D90 parameters of the coarse and fine 
Ti64 powder batches.  

Powder Coarse Ti64 Fine Ti64 Testing Method 

Element (wt%)    
Al 6.394 6.409 ASTM E2371 
V 3.920 3.933  
Fe 0.204 0.202  
Y < 0.001 < 0.001  
O 0.096 0.118 ASTM E1409 
N 0.015 0.014  
H 0.002 0.002 ASTM E1447 
Others Each < 0.080 < 0.080 ASTM E2371 
Others Total < 0.200 < 0.200  
Ti Balance Balance – 
Particle Size Distribution (PSD)    
D10 23 µm 20 µm ASTM B822 
D50 45 µm 34 µm  
D90 57 µm 44 µm  
Span 0.76 0.71   
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satellites, are present in both batches. It needs to be emphasized that 2D 
morphological analysis may not completely represent the 3D features of 
powder particles. Ideally, 3D morphological analysis using X-ray CT is 

recommended [36–39] to obtain particle geometries accurately. 
As seen in Fig. 2(c), the surface chemistry in terms of the major 

alloying elements (i.e., Ti, Al, and V), obtained from EDS and performed 
on the shaded particles in Fig. 2(a)-(b) revealed no significant difference 
between the fine and coarse powder particles. Moreover, there was a 
higher oxygen content in the unused fine powder than in the coarse one. 
Although the weight percentages of elements provided by EDS may not 
be exact, the qualitative comparison it offers is still valid. The PSD 
cruves of both powder batches are also shown in Fig. 2(d). As seen in this 
figure, the coarse powder had a bimodal size distribution and contained 
more large particles (> 45 µm). In addition, more finer particles (<
20 µm) were present in the fine powder batch (12% in the fine vs. 8% in 

Fig. 1. Fabrication layout in (a) isometric and (b) top views. The layout consisted of (c) as-built fatigue specimens according to ASTM E466 with a gage diameter of 
6 mm [29] and cylindrical bars which were machined to (d) fatigue specimens with a gage diameter of 5 mm according to ASTM E466 [29] and (e) round tension test 
specimens according to ASTM E8M [30]. 

Table 2 
EOS M290 Infill and contour process parameters for Ti64 along with the 
calculated energy densities.  

Parameter 
Set 

Laser 
Power P 
(W) 

Scanning 
Speed V 
(mm/s) 

Hatching 
Distance H 
(mm) 

Layer 
Thickness t 
(µm) 

Energy 
Density E 
(J/mm3) 

Infill  280  1200 0.14  30 55.6 
Contour  150  1250 –  30 –  
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the coarse). 
To achieve a better understanding of how the PSD and morphology 

can affect the powder flow behavior, the rheological properties of both 
powder batches were measured. A summary of all rheological properties 
obtained from FT4 along with their definitions is reported in Table 3. In 
this table, powder characteristics are given after the sieving process, as 
the powder that was used for the fabrication. A higher basic flowability 

energy value is typically associated with lower flowability. As reported 
in Table 3, both powder batches have comparable basic flowability 
energy values after sieving, with that of the coarse powder being slightly 
higher. This trend correlates with the PSD spans of 0.71 and 0.76 for the 
fine and coarse powder batches, respectively (see Table 1). Generally, a 
powder with a lower span (i.e., narrower PSD) has higher flowability 
[5]. 

Fig. 2. Powder particles’ morphology of the (a) coarse and (b) fine plasma atomized Ti64 powder batches as well as (c) the surface chemistry from shaded particles 
in the magnified images measured via EDS. The powder PSD curves for both batches are also shown in (d). 
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The specific energy, measured with basic flowability energy in the 
same test sequence, is also related to flowability. Since it is measured 
while the blade is moving upwards, specific energy represents the 
flowability in a low-stress environment. Specific energy values smaller 
than five can indicate powder with low cohesion. The very close basic 
flowability energy and specific energy measures of both batches indicate 
comparable flowabilities and cohesivity between them, which is also 
reflected in their identical cohesion values of 0.1 kPa. 

While the fine and coarse powder batches had different PSDs, similar 
conditioned bulk and tapped densities were recorded, with slightly 
higher density values for the coarse powder batch. This was likely 
because powders with a wider PSD span can occupy space more effi-
ciently and typically have higher theoretical packing densities, even 
though the actual powder bed density is typically lower than its theo-
retical packing density [41]. However, the compressibility, which 
measures how powder reacts to compaction under the recoater arm, of 
the coarse powder (3.3%) was slightly higher than the fine powder 
(2.6%), although both values were low. When agitated, powder particles 
tend to segregate into different size groups [42] (see schematic illus-
tration provided in Fig. 3). For the coarse powder, the segregation 
depicted in Fig. 3 also tends to be more severe than the fine powder due 
to its wider PSD span, and it is more likely to contain regions of mixed 
particle sizes and agglomerates. As finer particles in a wide PSD powder 
batch typically tend to adhere to other particles due to their high sur-
face/volume ratio and interparticle friction [4], they form agglomerates 
which have lower flowability and tend to create empty spaces around 
them. The empty spaces around these agglomerates most likely are the 
reason for the slightly higher compressibility of the coarse powder [4,5]. 
The more pronounced empty spaces within the coarse powder can form 
pathways of higher gas permeability which should lead to a lower 
pressure drop, which was indeed the case. As shown in Table 3, the 
coarse powder had a pressure drop of 7.1 mBar, while the fine powder 

had a pressure drop of 9.5 mBar. 
Aeration energy is a measure of how easily the powder fluidizes 

when subjected to gas flow and is also relevant to the AM process. Lower 
aeration energy is generally desired for the PBF process to help achieve a 
more uniform powder bed with a higher powder bed density (PBD) and 
lower mechanical interlocking between powder particles [6]. Table 3 
shows quite comparable aeration energies for both powder batches. 

3.2. Microstructure characterization, defect distribution, and surface 
roughness 

Upon investigation of the microstructural samples in the longitudinal 
plane (longitudinal direction aligned with build direction) of fabricated 
specimens from the coarse powder, a Widmanstätten microstructure was 
seen in the non-heat-treated (NHT) condition as shown by the inverse 
pole figure (IPF) maps in Fig. 4. Even though the characteristic cooling 
rate around the solidification temperature of L-PBF processes around 
105 K/s can result in pure α’ (and or α”) martensites, the repeated 
reheating during the layer-by-layer fabrication likely have partially 
decomposed the martensitic phase [2]. Indeed, the EBSD scans revealed 
a β phase fraction of 1%, consistent with the values reported from 
other studies in the NHT condition [43]. No difference in phase fraction 
was detected between the specimens fabricated from the coarse and fine 
powder batches in the NHT condition. The remaining phases, occupying 
99% of volume, are a mixture of α and α’(α”). Indeed, in the annealed 
condition, further decomposition of the martensitic phase resulted in a β 
phase fraction of ~29%. 

Microstructures of the coarse (Fig. 4(a)) and fine (Fig. 4(b)) powder 
specimens in the NHT condition were obtained from the microstructural 
coupons placed in the East location. It is evident from the IPF maps that 
prior-β columnar grains are mainly elongated towards the building di-
rection which is the primary path of heat dissipation [44]. Finally, the 
lath thickness was measured for the NHT and annealed coarse as well as 
the NHT fine conditions from the IPF maps. As seen in Fig. 4(d), the lath 
thickness was slightly coarser for the fine powder batch in NHT condi-
tion. The large error bars are consistent with the significant variation in 
the lath thickness in each condition. Additionally, the mean lath 
martensite thickness was seen to slightly increase from the NHT to the 
annealed coarse condition. 

To investigate defect distribution inside the specimens before testing, 
two specimens were selected from each location (i.e., East and West) of 
each powder batch for X-ray CT. The 3D visualizations performed are 
presented in Fig. 5(a). Additionally, a bar chart showing the size dis-
tribution of defects normalized for a 10-mm3 sample size inside the 
representative gage sections is presented in Fig. 5(b). Fig. 5(b) shows 
that the coarse powder specimens fabricated in the West location tend to 
yield fewer defects in all defect size ranges than the ones fabricated in 
the East location. In the case of the fine powder, it appears from Fig. 5(b) 
that the number of defects was less in these specimens as compared to 
their counterparts from the coarse powder regardless of the location. 

Table 3 
A summary of powder rheological and bulk characteristics obtained in this study 
along with the definition of powder rheological characteristics adapted from 
[40].  

Powder Characteristic Fine 
Powder 

Coarse 
Powder 

Basic Flowability Energy (mJ) 280 ± 3.6 282.0 ± 2.5 
Specific Energy (mJ/g) 1.6 ± 0.2 1.8 ± 0.1 
Conditioned Bulk Density (g/mL) 2.6 ± 0.2 2.8 ± 0.0 
Tapped Density (g/mL) 2.8 ± 0.0 2.9 ± 0.0 
Compressibility (%) 2.6 ± 0.5 3.3 ± 0.1 
Cohesion (kPa) 0.10 ± 0.00 0.10 ± 0.02 
Pressure Drop (mBar) 9.5 ± 0.6 7.1 ± 0.2 
Aeration Energy (mJ) 5.3 ± 0.9 5.0 ± 0.3 
Definition of Powder Rheological Properties   
Basic Flowability Energy: Amount of work done 

while moving the blade within the powder bulk in 
a downward motion   

Specific Energy: Amount of energy to move the 
blade within the powder bulk in an upward 
motion in an unconfined (i.e., low stress) 
environment as there is no constraint on top of the 
powder bulk   

Conditioned Bulk Density: The bulk density of the 
powder in a low-stress condition   

Tapped Density: The bulk density of the powder 
when it is consolidated   

Compressibility: Shows the change in volume as a 
function of applied normal stress   

Cohesion: Amount of shear stress needed to flow the 
powder while the applied normal stress is zero   

Pressure Drop: Indicates how easily the gas can 
permeate the powder while is under applied 
compression (3 kPa) and the gas flows from below 
the powder bulk   

Aeration Energy: Indicates how easily the powder 
fluidizes when it is subjected to gas flow    

Fig. 3. Schematic illustration of the coarse powder bed particle arrangement.  
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The larger population of defects in the coarse powder specimens can be 
attributed to the “empty spaces” formed from the non-uniformly 
distributed powder and the potentially higher cooling rates when this 
powder batch was used for the fabrication. Coarser powder tends to have 
higher cooling rates due to the lower surface-to-volume ratio of the 
larger powder particles which reduces the energy absorption efficiency 
[11,17]. The total number of defects in the 10-mm3 volume of the gage 
section was 18 and 12 for the coarse powder specimens in East and West, 
and 4 and 2 for the fine powder in East and West locations. 

Some very large defects, however, were still evident in these fine 
powder-fabricated specimens (the maximum defect sizes in μm observed 
in each specimen are marked on the “≥40 µm” bar in Fig. 5(b)). The 
maximum volumetric defect sizes were 171 and 130 µm in the fine and 
113 and 83 µm in the coarse powder specimens, depending on location. 
Note that the size of a volumetric defect was calculated as the diameter 
of the sphere with equal volume. It is also important to note that all 
specimens, regardless of the powder type or location, had overall den-
sities greater than 99.99% based on the X-ray CT scans. 

The surface roughness of all as-built specimens fabricated from 
coarse and fine powder batches in the gage sections was measured using 
Ra — the arithmetical mean height of line profiles. As shown in Fig. 6(a), 
even though the mean values of Ra showed slight variations as a function 
of build location as well as PSD, significant overlaps in the error bands 
are also evident. The specimens fabricated from the coarse powder had 
slightly higher surface roughness as compared to those from the fine 
powder which has been attributed to the higher energy density level 
required by coarser particles to achieve a full melting in some studies [3, 
17]. In addition, the surface profiles of a coarse powder specimen and a 
fine powder specimen in the East location are shown in Fig. 6(b). A large 
amount of partially melted powder particles were seen to adhere to the 
surfaces of both specimens. However, they were more frequent and 
larger in the case of the coarse powder specimen, which further 
explained the higher measured surface roughness. 

Within the build with fine powder, it was found that the West 
specimens had almost comparable surface roughness compared to the 
East ones. However, this location dependency of surface roughness was 

Fig. 4. Microstructure of L-PBF Ti64 for the (a) NHT coarse, (b) NHT fine, and (c) annealed coarse powder specimens along with (d) lath thickness for all 
the conditions. 
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more for the specimens fabricated from the coarse powder. Such PSD- 
specific location dependency may be attributed to the possible segre-
gation of finer and coarser particles given rise to the “front stress-free 
turning powder wedge” behavior proposed in some studies [18,20]. 
For instance, Jacob et al. [18] reported that during powder spreading, 
finer particles tend to move to the bottom of the powder bulk, and 
consequently, are deposited closer to the dispenser while coarser ones 
might deposit near the overflow bin (i.e., collector). Another possible 
reason may be that some of the West specimens (i.e., Southwest) were 
closer to the spatter-rich region in the L-PBF machine which has been 
shown to result in higher surface roughness values [45]. 

3.3. Tensile behavior 

Quasi-static tensile tests were performed on both sets of specimens 
fabricated from coarse and fine powder batches. As explained in the 
experimental setup, all tensile tests were paused at 5% strain to remove 
the extensometer to prevent damage, as such εf was measured after the 
tensile test. In Fig. 7(a), the tensile properties, including UTS, YS, and εf, 
measured from this study as well as the minimum requirements for L- 
PBF Ti64 specimens fabricated vertically (i.e., along the Z-axis) based on 

ASTM F2924 [46] are provided. Concerning the location, it seems that 
tensile properties including UTS, YS, and εf are independent of location 
on the build plate. 

Regarding the effects of particle size on the tensile properties, it can 
be seen from Fig. 7(a) that there were negligible changes in UTS and YS 
between the specimens manufactured from fine and coarse powder 
batches. This behavior can be correlated well with the similar micro-
structure that was seen in the specimens fabricated from both batches. 
However, the εf in fine powder specimens was lower than the coarse 
powder specimens which might be due to the larger maximum defect 
sizes in fine powder specimens (see Fig. 5(b)) and the higher oxygen 
content in the fine powder (see Fig. 2). While a higher strength might be 
expected due to higher content of oxygen in fine powder, almost com-
parable strength was noted which can be attributed to the strengthening 
effect of slightly thinner lath martensite in the coarse powder [47,48]. 
The engineering stress-displacement behavior is also shown in Fig. 7(b) 
and (c) for the specimens tested from the East and West locations. 

3.4. Fatigue behavior & failure analysis 

The axial fatigue behaviors of both as-built and machined specimens 

Fig. 5. 3D visualizations of defect population in the coarse (depicted by red) and fine (illustrated by blue) powder specimens placed in different locations of the build 
plate, and (b) histograms demonstrating the volumetric defect in 10 mm3 sample size from the representative specimen gage sections. The maximum defect size (in 
µm) for each condition is labeled on the corresponding bar. 
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from different locations on the build plate and fabricated from coarse 
and fine powder batches are presented in Fig. 8. It is evident from Fig. 8 
(a) that the difference between the fatigue lives of as-built specimens 
fabricated from both batches is relatively small in the MCF (≤105 re-
versals to failure) and HCF (>105 reversals to failure) regimes. In 
addition, regardless of the powder type, it seems that the West as-built 
specimens have slightly lower fatigue resistance compared with the 
East as-built ones in the HCF regime. 

In the machined condition (see Fig. 8(b)), it was seen that the coarse 
powder specimens have higher fatigue resistance as compared to fine 
powder specimens in the MCF regime. This behavior was following the 
observations reported in [10], which can be attributed to the higher 
ductility of the coarse powder specimens. In low-cycle fatigue (LCF) and 
MCF regimes (i.e., higher stress levels), crack growth accounts for a 
more significant portion of the overall fatigue life [49]. Therefore, the 
higher ductility of the coarse powder specimens may imply higher 
fracture toughness and larger crack size at fracture which typically in-
creases the crack growth life. At the lower stress level (i.e., 400 MPa), 
the coarse powder specimens still appear to outperform the fine powder 
ones (note the three runouts in coarse condition vs. no runouts in fine 
condition) despite the more significant data overlap. This is consistent 
with the observation that the largest defects in the fine powder speci-
mens being larger than those in the coarse powder ones, although in 
general more volumetric defects were detected in coarse specimens. In 
addition, increasing scatter in data was noticed with decreasing stress 
levels, which can be ascribed to the more prominent effect of defects in 
these conditions [5,12,50]. As to location dependency in the machined 
specimens, no apparent trend was seen between the fatigue lives of East 
and West specimens manufactured from either powder batches. A 

summary of all force-controlled fatigue tests is reported in Table 4. 
While fracture surfaces of all specimens were characterized from the 

digital optical microscope, only a few notable fractography images were 
presented in this article (see Fig. 9 and Fig. 10). Fig. 9(a), (b), and (c) 
present fracture surfaces of as-built specimens tested at σa= 300 MPa 
and a frequency of 4 Hz for the coarse powder in East and West as well as 
the fine powder in East, respectively. As seen in these figures, cracks 
initiated in multiple locations in each specimen from the rough surfaces 
of both coarse and fine powder specimens in East and West locations, 
resulting in similar fatigue lives within the range of 80,398 and 104,584 
reversals to failure. It is well established that rough surfaces of AM parts, 
which are mainly derived from partially-melted powder particles and 
the stair effect due to the layer-by-layer fabrication, can behave like 
micro notches [51]. These micro notches on the surface can drastically 
deteriorate the fatigue resistance of AM parts when they are subjected to 
cyclic loading conditions. 

In the machined condition, however, as the surface micro notches are 
removed, cracks mainly start from the internal or near-surface volu-
metric defects (i.e., gas-entrapped pores and lack-of-fusion defects). 
Fig. 10(a)-(d) shows the fracture surfaces of the coarse and fine powder 
specimens from the East and West locations and tested at σa= 500 MPa. 
It is evident that cracks initiated from near-surface gas-entrapped pores 
in the two coarse powder specimens in East and West with fatigue lives 
of 201,716 and 155,384 reversals to failure, respectively. The equivalent 
defect size (i.e., 

̅̅̅̅̅̅̅̅̅
area

√
µm) was also calculated based on Murakami’s 

principles [52], and it is labeled on each image. Unlike the coarse 
powder specimens, in the fine powder ones, cracks mainly initiated from 
internal defects (see Fig. 10(c)-(d)). Although these defects were farther 
away from the surface of the specimens, the defect sizes were appre-
ciably larger than the coarse powder specimens, resulting in fatigue lives 
of 165,706 and 136,838 reversals to failure in the East and West spec-
imens, respectively. 

4. Discussion on experimental results 

4.1. Effect of powder characteristics on the surface and volumetric defects 

On average, the coarse powder specimens had slightly higher Ra 
values as compared to the fine powder specimens (see Fig. 6(a)). The 
higher Ra values of the coarse powder specimens can be explained by the 
existence of larger particles in the coarse batch, which typically have a 
lower absorptivity. Therefore, particles on the surface may not 
completely melt resulting in a higher surface roughness [17] (see Fig. 6 
(b)). Concerning the effects of part location, it was noted that the coarse 
powder specimens located in the West had generally higher Ra values as 
compared to the East ones. However, this difference was less obvious for 
the fine powder specimens due to its slightly lower mechanical inter-
locking (i.e., lower specific energy and basic flowability energy) and 
consequently better flowability, and more uniform powder bed [6]. In 
addition, the narrower PSD span of the fine powder could also reduce 
the severity of particle size segregation during spreading. 

As evident in Fig. 5(a) and (b), the coarse powder specimens con-
tained a higher number of defects though the maximum defect size for 
fine powder specimens was larger. The higher defect population in the 
coarse powder specimens could have been derived from multiple factors. 
First, the coarse powder had an inferior packing state as compared with 
the fine powder batch due to its more severe powder size segregation. 
Therefore, when the regions of low packing densities in the coarse 
powder batch are melted, porosity is more probable to form. This is 
exacerbated by the fact that coarser particles require more input energy 
to completely melt [17] due to their lower absorptivity [53] associated 
with their lower surface-to-volume ratio. Effectively, when the regions 
of coarser particles in the powder bed are melted, the cooling rate is 
higher, leading to the formation of more defects [54]. 

Interestingly, the maximum defect sizes detected by the X-ray CT 
were 130–171 µm in the fine and 83–113 µm in the coarse powder 

Fig. 6. (a) Ra values for the specimens manufactured from the coarse and fine 
powder batches in East and West locations, and (b) surface profile micrographs 
for a coarse and a fine powder specimen located in the East. 
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specimens. Observing larger-sized defects in the fine powder specimens 
which possessed a superior packing state was rather surprising. The 
presence of substantially large defects in the fine powder specimens 
appears to be the result of spattering. Indeed, the crack initiation sites in 
the fatigue specimens and fracture nucleation sites of the tensile speci-
mens fabricated from the fine powder were rich in Si, which could have 
been induced by spatters resulting in the formation of large pores (see  
Fig. 11). The Si is often added to Ti64 to enhance its resistance to 
oxidation and creep, as well as to increase its tensile strength [55,56]. 
The Si-rich regions in Ti64 tend to form a mixture of TiSix, TiO2, and 
SiO2 phases [57]. Among the compounds, the melting point of TiSix is 
substantially lower than Ti (liquidus temperature of 1330 ◦C for Ti-Si 
alloy compared to 1670 ◦C for Ti); besides, the SiO2 phase has a 
decomposition temperature of only 1861 ◦C in oxygen lean environ-
ments (similar to the build chamber which is purged in argon) [58] (note 
that the boiling point for Ti is over 3200 ◦C). When interacting with 
laser, the Si-rich powder particles would likely melt early, and the 
contained SiO2 phase rapidly decompose into Si and gaseous O2. The 
explosive formation of the gaseous O2 within the melted Si-rich powder 

particles was likely the cause of the Si-rich spatters observed within the 
specimens. Both batches had approximately the same level of Si, yet the 
fine batch had higher oxygen pickup due to the higher 
surface-to-volume ratio. The higher oxygen content in the fine powder 
most likely had formed more SiO2, which results in more spatter in the 
fine powder specimens. Indeed, other possible factors may also exist 
resulting in the observation of larger defects in the case of fine powder 
which necessitates further investigations. 

Concerning the effects of location, it was observed that the number of 
defects in the specimens manufactured from the coarse powder and 
placed in the West was, to some extent, lower as compared to their 
counterparts located in the East. Such location dependency of defect 
population may be attributed to the possible segregation of finer and 
coarser particles by spreading, i.e., the “front stress-free turning powder 
wedge” behavior proposed in some studies [18,20] and somewhat lower 
flowability of the coarse powder. Finer particles tend to be deposited 
closer to the dispenser, while coarser ones can be spread further due to 
their wider PSD, resulting in the formation of more loosely packed re-
gions in the East. In contrast, the fine powder specimens located in the 

Fig. 7. (a) Quasi-static tensile properties of L-PBF Ti64 specimens fabricated from coarse and fine powder batches and different locations along with the minimum 
requirements according to ASTM F2924. All specimens have been annealed prior to testing. Since only two tensile tests were performed per condition, the two ends of 
an “error” bar represent the two measurements of a property for a given location and powder batch, while the markers represent the mean values and (b) and (c) 
engineering stress-displacement curves for both fine and coarse powder batches in the East and West, respectively. 
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East and West had almost similar number of defects, which could be 
ascribed to its more uniform PSD (i.e., lower span) and consequently, the 
higher powder flowability. 

4.2. Effect of powder characteristics on tensile behavior 

As seen in Fig. 7, the coarse and fine powder specimens had com-
parable UTS and YS. Tensile YS is primarily governed by the micro-
structure of the parts and is not expected to be different between the 
specimens fabricated from the two powder batches as there were no 
significant changes in the microstructure (see IPF maps shown in Fig. 4). 
In addition, since Ti64 is well known for its low strain hardenability, the 
UTS is typically not much higher than the YS and is not sensitive to 
ductility. In terms of ductility, it was observed that the coarse powder 
specimens possess superior εf which is consistent with the observations 
reported in [10,17]. The lower ductility of fine powder specimens can be 
attributed to the presence of larger volumetric defects due to spattering 
and their higher oxygen content which likely have increased the mate-
rial’s sensitivity to defects. 

Fracture surfaces of the tensile specimens, presented in Fig. 12, 
revealed different fracture mechanisms for the coarse and fine powder 
specimens, with the former being ductile and the latter being brittle. The 
fracture of the coarse powder specimens occurred after the onset of 
necking and its surface resembles the classic cup and cone feature, which 

had a fibrous central region surrounded by an annular shear lip (see 
Fig. 12(a)). The fibrous region is the result of the nucleation, growth, 
and subsequent coalescence of the voids during the tensile loading 
driven by the hydrostatic tension in the neck. Some of the voids were 
nucleated in a homogenous fashion and appeared as dimples on the 
fracture surface. Others grew from volumetric defects which are indi-
cated by black arrows in Fig. 12(a). 

In contrast to the coarse powder specimens, the fracture of the fine 
powder specimens occurred without clear evidence of necking and 
under a different mechanism. As shown in Fig. 12(b), the fracture sur-
face lacked a central symmetry and featured a central flat region that 
was open to the specimen’s external surface from one side. Relatively 
large defects, such as the one indicated by the yellow arrow in Fig. 12(b), 
were always observed at the opening. The flat region was partially 
surrounded by the shear lips. Closer inspection also revealed that the 
river marks [59] on the flat regions converged toward its opening to the 
specimen surface, suggesting the opening to be the initiation site for 
fracture. The initiation of fracture was likely due to the close interaction 
between the defect (indicated by the yellow arrow in Fig. 12(b)) and the 
specimen surface. The flat region is the plane strain portion of the un-
stable propagation of the tensile crack, while the shear lip is the plane 
stress portion. Occasionally, a large defect could be found in the interior 
of the fracture surface residing either on a “plateau” or in a “basin” (see 
Fig. 12(b)). In such cases, although secondary cracks initiated from these 
internal defects, their propagation was suppressed by the main crack. 
These defects did not reside on the same plane with the main crack, 
therefore the secondary cracks formed plateaus/basins when they joined 
with the main crack. 

Fig. 8. Fatigue performance of L-PBF Ti64 specimens fabricated from coarse 
and fine powder batches from the East and West locations in their (a) as-built 
and (b) machined surface conditions. All specimens have been annealed 
before testing. The grayed-out markers in each subfigure represent the opposing 
surface condition for each comparison (i.e., machined in (a) and as-built in (b)). 

Table 4 
A summary of fully-reversed (Rσ = − 1) force-controlled fatigue tests for L-PBF 
annealed Ti64 specimens in both as-built and machined surface conditions.  

Specimen 
ID 

σa 

(MPa)  
2 Nf - Fine 
(Reversals) 

2 Nf - Coarse 
(Reversals) 

Location Surface 
Condition 

019  400 24,538 30,634 West As-built 
008  400 32,712 28,332   
009  300 92,984 80,398   
106  300 84,678 N/A   
010  200 196,858 316,330   
017  200 422,610 532,308   
018  150 10,000,000 10,000,000   
087  500 17,284 14,250 East  
034  500 18,822 16,524   
042  400 39,650 39,856   
077  400 37,628 32,170   
043  300 73,322 111,686   
078  300 104,584 100,376   
033  200 420,944 1,318,620   
086  200 773,836 862,818   
079  150 10,000,000 10,000,000   
044  150 10,000,000 10,000,000   
104  700 11,388 38,324 West Machined 
011  700 12,996 34,098   
014  600 40,338 67,876   
112  600 22,510 65,350   
110  500 93,098 2,744,548   
012  500 136,838 155,384   
013  400 757,194 219,854   
111  400 990,378 220,690   
098  400 5,630,226 10,000,000   
015  350 10,000,000 10,000,000   
037  700 21,996 37,250 East  
085  700 17,992 19,958   
038  600 40,142 112,776   
082  600 61,686 73,630   
040  500 165,706 201,716   
084  500 42,282 172,172   
039  400 4,992,374 10,000,000   
083  400 145,146 639,024   
076  400 7,049,054 10,000,000   
044  350 10,000,000 10,000,000    
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The difference in the fracture mechanisms in the two specimen 
batches is likely due to the different defect and oxygen contents. In 
coarse powder specimens, the maximum size of the defects was signif-
icantly smaller and the oxygen fraction was lower than those in the fine 
powder specimens. Therefore, even though the number of defects per 

volume was higher than that of the fine powder specimens, the surface 
cracks formed due to the near-surface defects in coarse specimens, if 
any, did not have sufficient stress intensity factors under loading to 
induce fracture. This permitted necking and resulted in the typical 
ductile fracture. Conversely, the much larger although fewer defects in 

Fig. 9. Fracture surfaces of L-PBF annealed Ti64 specimens in their as-built surface conditions for the coarse powder specimens in (a) East and (b) West, as well as (c) 
fine powder specimen in the East. All specimens were tested at σa= 300 MPa. Crack nucleation sites are indicated with white arrows. 
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the fine powder specimens (where the oxygen content was higher) 
formed cracks that were large enough to induce surface-originated, 
brittle mode fracture. Despite the low number of defects per volume, 
the probability of finding a large defect near the specimen surface was 
still relatively high. 

4.3. Effect of powder characteristics on fatigue behavior 

When the fatigue performance of specimens in their as-built surface 
condition was investigated, negligible changes between the coarse and 
fine powder specimens were noted (see Fig. 8(a)). This observation was 
following the Ra results which showed almost identical values for both 
batches (see Fig. 6(a)). In the case of location, some improvement in 
fatigue resistance of as-built coarse specimens located in the East was 
seen as compared with the ones in the West in the HCF regime (≥ 105 

reversals to failure), which was consistent with the higher Ra of coarse 
powder specimens in the West location. The higher fatigue resistance of 
coarse powder specimens in the East can be attributed to the more 
prominent effects of surface roughness in the HCF regime [49]. The 
similar trend was less pronounced for the fine powder due to its slightly 
higher flowability, which also agreed with the Ra results in Fig. 6(a). 
Regardless of the powder and the location, cracks initiated from the 
surface of as-built specimens, resulting in final fatigue failures (see 
Fig. 9). 

In the machined surface condition, a higher fatigue resistance was 
generally observed for the coarse powder specimens (see Fig. 8(b)), 
which was more discernible at higher stress levels, i.e., σa ≥ 500 MPa. 
The fatigue lives on these stress levels are mostly in the MCF regime, 

where the crack propagation stage occupies a significant portion of the 
total fatigue life. The coarse powder specimens provided slightly better 
ductility which may be beneficial for their MCF resistance. At lower 
stress levels (such as σa = 400 MPa), the advantage of the coarse powder 
specimens became less clear. Nevertheless, it is still important to note 
the two coarse powder specimens from the East and one from the West 
reached run-out at this stress level, while none of the fine powder 
specimens did. In the HCF regime (such as at the stress level of σa =

400 MPa), fatigue life is governed by crack initiation which often occurs 
at defects. The reason for the significant overlap in fatigue data at this 
stress level may be explained by the uncertainty in the maximum defect 
size in each specimen. This is evident from the defect size (measured by 
̅̅̅̅̅̅̅̅̅
area

√
µm) reported in Fig. 10, where both larger and small fatigue 

critical defects could present in either batch of specimens even though 
those in fine specimens were generally larger. 

To formally assess the uncertainty in the size of crack initiating de-
fects in both batches of specimens, 

̅̅̅̅̅̅̅̅̅
area

√
for these defects projected 

onto the loading plane was measured from the fracture surfaces 
following Murakami’s approach [52], and its distribution was analyzed 
using extreme value statistics [2,60]. Since only the information of crack 
initiating defects were involved in the analyzes, the outcome could shed 
light on the size (

̅̅̅̅̅̅̅̅̅
area

√
) of the most detrimental defects within a batch 

of specimens [61]. Although the analysis was performed on fatigue 
specimens, the knowledge can provide insights towards the statistics of 
extreme defects in larger components fabricated with the same process 
parameters, as long as the surface to volume ratio is similar [2]. Gumbel 
distribution, which was shown to describe the size distribution of 
extreme defects well [2], has been adopted in this study following the 

Fig. 10. Fractures surfaces of L-PBF annealed Ti64 specimens in the machined surface condition for the coarse powder specimens in (a) East and (b) West, as well as 
the fine powder specimens in (c) East and (d) West. All specimens were tested at σa= 500 MPa. In these images, the crack initiation sites are also portrayed with 
yellow shade in the magnified views. Arrows are also placed toward the crack initiating defects in all images. 
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approach established in Refs. [61,62]. 
The empirical cumulative distribution functions (ECDF) for all crack 

initiating defects for both fine and coarse powder specimens in 
machined conditions are shown in Fig. 13(a) according to the extreme 
value statistics by Gumbel [61–64]. Note here that all of these defects 
were volumetric ones which were ranked according to their 

̅̅̅̅̅̅̅̅̅
area

√
from 

small to large. As shown, the Gumbel ECDF is presented as the reduced 

variate: 

Yi = − ln( − ln(Fi)) (1) 

where Fi = i/N + 1, with i being the rank of the current crack 
initiating defect, and N is the total number of crack initiating defects 
identified in each specimen batch (there were only one or a few of these 
defects per specimen). If the relation between the 

̅̅̅̅̅̅̅̅̅
area

√
and the reduced 

Fig. 11. EDS maps on the fracture surface of an L-PBF annealed Ti64 specimen manufactured from the fine powder.  

Fig. 12. Fracture surfaces of L-PBF annealed Ti64 tensile specimens in the (a) coarse and (b) fine powder specimens. Black arrows indicate the location of pores, 
while the yellow arrow in (b) points to the defect responsible for the onset of fracture for the fine powder specimen. The white dashed arrows in (b) mark the 
direction of fracture. 
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variate Yi is linear, then the distribution follows the Gumbel distribu-
tion. Agreeing with the literature [2,10,65], Fig. 13 (a) shows that the 
size distribution of crack initiating defects well obeys the Gumbel dis-
tribution (R2 = 0.9554 and 0.9484 for coarse and fine powder speci-
mens, respectively), whose cumulative distribution function is given as 
[60]: 

F
( ̅̅̅̅̅̅̅̅̅

area
√ )

= exp
(

− exp
(

−

̅̅̅̅̅̅̅̅̅
area

√
− λ

δ

))

(2) 

where λ and δ are the location and scale parameters of the extreme 
value distribution. The location parameter (λ) gives the 

̅̅̅̅̅̅̅̅̅
area

√
value that 

corresponds to the peak of the corresponding probability density dis-
tribution (PDF) function, which is given as [60]: 

G
( ̅̅̅̅̅̅̅̅̅

area
√ )

=
1
δ
[exp(−

̅̅̅̅̅̅̅̅̅
area

√
− λ

δ
)] × exp

[

− exp
(

−

̅̅̅̅̅̅̅̅̅
area

√
− λ

δ

)]

(3) 

The scale parameter (δ) represents the spread of data, i.e., larger δ 
corresponds to wider distribution, and is used to “scale” the standard 
Gumbel distribution to best fit a data set. The location and scale pa-
rameters in the Gumbel distribution functions are given in Table 5 for 
both coarse and fine specimens. As seen in Fig. 13(a), the largest crack 
initiating defects in the coarse and fine powder specimens were 64 and 
109 µm, respectively. In addition, the corresponding probability distri-
bution functions (PDFs) are shown in Fig. 13(b). As shown, 90% of 

defects in coarse powder specimens were smaller than 54 µm whereas 
they were smaller than 80 µm in fine powder specimens. The statistical 
analysis confirmed the speculation made above that, going from the 
coarse powder to the finer powder, the size of crack initiating defects 
increases. However, the most probable ranges of the crack initiating 
defect size from the coarse and fine powder specimens significantly 
overlap, which can explain the fatigue results observed for the machined 
specimens at σa = 400 MPa. Although the precise fitting parameters 
shown in Table 5 may slightly vary depending on the population of the 
critical defects analyzed—fitting parameters are generally more reliable 
with larger population—the observations made above are nevertheless 
valid since each specimen set contained > 15 analyzed defects (see 
Fig. 13(a)). 

5. Conclusions 

In this study, plasma atomized Ti64 powder batches with PSDs of 
15–45 µm and 15–53 µm were used to investigate the effects of particle 
size on the mechanical performance of parts fabricated by the L-PBF AM 
technique. Parts were fabricated in different locations on the build plate 
to study the location dependency of mechanical properties. Overall, 
slightly higher ductility and fatigue resistance were observed for the 
specimens manufactured from the coarse powder. Additional conclu-
sions based on the experimental results can be drawn as:  

• No difference in the fatigue performance of specimens in the as-built 
surface condition was noted due to different powder PSDs. In all as- 
built specimens, fatigue failures initiated from the micro notches on 
the surface.  

• More defects were seen in the coarse powder specimens due to the 
inferior packing state and lower heat absorptivity of coarser powder 
particles. However, the maximum defect size was still larger in the 
fine powder specimens, which was ascribed to the powder spattering 
during the fabrication.  

• Negligible changes were noted in the YS and UTS resulting from the 
similar microstructure in the coarse and fine powder specimens. 
Ductility, however, was larger in the coarse powder specimens as 
they had generally smaller defects. 

• Higher fatigue resistance was observed for the coarse powder spec-
imens which was correlated with the higher ductility and smaller- 
sized defects affecting the MCF and HCF regimes, respectively. 
While the fatigue life is majorly spent in the crack growth regime at 
higher stress levels, the crack initiation often dominates the fatigue 
life at longer life regimes. 

• The largest prospective defect size assessed by the Gumbel distri-
bution showed an increase in defect size using the fine powder 
compared to the coarse one. In addition, 50% of the critical defects in 
the specimens manufactured from both powder batches had some-
what comparable sizes. 

To summarize, it was observed that powder rheological analyses are 
capable of interpreting and predicting the fatigue behavior of AM parts 
manufactured from powder batches with different PSDs. In addition, it 
was noticed that the coarse powder, which showed an inferior packing 
state compared to the fine batch can still result in almost comparable 
mechanical properties, and even superior ductility, as well as fatigue 
resistance in the MCF and HCF regimes. This shows that by carefully 

Fig. 13. (a) Estimation of the largest extreme value distribution and (b) 
probability density function (PDF) for crack initiating defects based on Gum-
bel’s extreme value statistics and Murakami’s √areaDefect approach [52] in 
coarse and fine powder specimens. 

Table 5 
Location (λ) and scale (δ) parameters of the Gumbel’s extreme value distribution 
obtained based on the 

̅̅̅̅̅̅̅̅̅
area

√
of the projected defects onto the loading plane from 

the fracture surfaces.  

Gumbel Distribution Function Parameters Fine Powder Coarse Powder 

Location Parameter, λ  42.9  36.4 
Scale Parameter, δ  16.7  8.0  
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selecting the appropriate PSD, it is feasible to improve the part perfor-
mance. On the other hand, using a less expensive powder with larger and 
wider particle size distribution may not affect the mechanical perfor-
mance of the AM parts; however, this observation may be material and 
AM system dependent. 
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