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Abstract

Hydride-dehydride (HDH) Ti-6Al-4V powders with non-spherical particle morphology are
typically not used in laser-beam powder bed fusion (LB-PBF). Here, HDH powders with two size
distributions of 50-120 um (fine) and 75-175 um (coarse) are compared for flowability, packing
density, and resultant density of the LB-PBF manufactured parts. It is shown that a suitable laser
power-velocity-hatch spacing combination can result in part production with a relative density of >
99.5% in LB-PBF of HDH Ti-6Al-4V powder. Size, morphology, and spatial distribution of pores
are analyzed in 2D. The boundaries of the lack-of-fusion and keyhole porosity formation regimes
are assessed and results showed parts with a relative density of > 99.5% could be LPBF processed
at a build rate of 1.5-2 times of the nominal production rates in LPBF machines. The synchrotron
x-ray high-speed imaging reveals the laser-powder interaction and potential porosity formation
mechanism associated with HDH powder. It is found that lower powder packing density of coarse
powder and high keyhole fluctuation result in higher fractions of porosity within builds during the
LB-PBF process.

Keywords: Additive manufacturing; Process map; Build rate; Porosity; Synchrotron-based
dynamic x-ray radiography.

1. Introduction

In powder-based metal additive manufacturing (AM), both the feedstock and the 3D-printing
processes considerably affect the part integrity and cost of the manufactured components.
Spherical powders have been extensively used in LB-PBF machines, and there have been various
concerns related to powder (i.e., entrapped gas), processing defects (e.g., pores, spatter, roughness),
part quality, and performance. Also, the production of fine powder is expensive which reduces
their competitiveness and limits their commercial scale-up. Compared to conventional atomized
pre-alloyed powder with spherical morphologies, the direct synthesis of non-spherically shaped
powder via chemical and mechanical milling methods results in pore-free particles that are more
economically efficient [1-3].

Ti-6Al1-4V is one of the most popular alloys in metal AM primarily due to its wide application,
e.g., aerospace components and orthopedic implants [4]. Gas atomization (GA) is the primary


mailto:mostafaei@iit.edu

powder manufacturing process that supplies powder for the metal AM industry [5]. The standard
procedure is extremely energy-intensive and relatively expensive. Therefore, alternative powder
production methods are required, which would be cost-effective for being used in metal additive
manufacturing. In recent years, many technologies for the production of low-cost Ti-powder have
become commercialized [6,7]. The hydride-dehydride (HDH) process is an alternative way to
produce Ti-6Al-4V powder by using the brittle nature of titanium hydride. This process has the
potential to be much greener and has a significantly lower eco-impact. Compared with GA powder,
a lower production cost is the primary advantage that comes with HDH powder; depending on the
powder size distribution, the powder cost can be reduced by more than 30 % [8,9]. Additionally,
it is possible to eliminate the presence of entrapped gas porosity, which can be inherited by as-
built AM components and affect the resulting mechanical performance [5,10]. The HDH powder
with non-spherical particle morphology and larger powder size would decrease spattered particles
due to the mechanical interlocking characteristics and higher weight compared to gas atomized
powder with PSD of <50 um [11].

Replacing GA with HDH powder in AM can be challenging and requires a substantial amount
of research to understand the physics of laser-powder interaction, melt pool dynamics, and possible
defect formation mechanisms [12]. These challenges are primarily caused by the non-spherical
powder morphology. Size control is more difficult with HDH powder owing to its non-spherical
morphology; for instance, an elongated particle can pass through a finer sieve with its smallest
dimension during the screening process resulting in a powder batch with larger size distribution.
This will also affect the packing density in the powder bed of HDH powder. Recently, studies have
been conducted to use non-spherical powder in the PBF AM processes. Medina [13] studied the
effect of blending HDH titanium powder with spherical one in order to reduce the cost of part
production and was able to increase the density of the parts using the double melting in electron
beam AM. Li et al. [14] reported on the use of another type of non-spherical powder, i.e., water
atomized (WA) powder in LB-PBF. They concluded that GA 316L stainless steel powders yield
higher density parts because of lower oxygen content and higher packing density compared to WA.
Rogalsky et al. [9] investigated the use of non-spherical WA iron powder in LB-PBF and showed
that the poor packing density of this type of powder results in lower laser adsorption and final part
density, however, by using a powder layer thickness of 60 pm compared to 40 pm, the impact of
packing density on final parts was insignificant. Varela et al. [15] investigated LB-PBF of non-
spherical HDH Ti-6Al1-4V powder (monomodal particle size distribution with D19, Dso, and Dy of
54.9, 72.7, and 88.9 um) and were able to manufacture parts with a relative density of 98.9 %
(using layer thickness of 30 um, and the optimum process parameter is missing).

There are both fundamental and industrial reasons for understanding how the powder
characteristics of the HDH powders (due to differences in powder packing density and powder
flowability as compared to spherical particles) may affect the characteristics of thermal profile,
microstructure, and defect content as well as cost and speed of production. Here, we choose to use
LB-PBF on HDH Ti-6Al-4V powders. The feedstock powder is analyzed to understand how
morphology and particle size distribution affect the AM process. Additionally, LB-PBF parameters
such as laser power, scan speed, and hatch spacing are optimized to determine a process window
with a relative density of > 99.5 % in as-built parts. Density measurements, including Archimedes
and segmented 2D optical micrographs, are performed. Synchrotron-based dynamic x-ray
radiography visualizes laser-powder interaction and potential porosity formation mechanisms
associated with HDH powder. Selected samples are further evaluated for microstructure, phase
formation, and porosity.



2. Experimental procedures
2.1 Feedstock powder

Ti-6Al1-4V feedstock powder with two different mean sizes and particle size distributions
(PSD) were supplied by Kymera International - Reading Alloys. Figure 1 showed that both
powders had non-spherical morphology characterized by scanning electron microscopy (JEOL
5900LV), and, based on the manufacturer's specification, the particle size distributions were in
the range 50-120 um for the fine powder (Figure 1a,b) and 75-175 pum for the coarse powder
(Figure 1c,d). The chemical compositions of the feedstock powders provided by the
manufacturer are given in

Table 1 and compared to the nominal Ti-6Al-4V alloy. To acquire the mean size and PSD, a
total of ~1,100 HDH powder particles were imaged (using an FEI Aspex Express SEM microscope)
to ensure adequate powder statistics, and results are illustrated in Figure le. The coarse powder
showed monomodal size distribution with powder size of dio = 83 um, dso = 109 um, and doo =
142 um with a mean size of 112 um and average circularity of 0.46, whereas the fine powder
showed a bimodal size distribution with powder size of dip = 28 pum, dso = 82 um and dgo = 103
um with a mean size of 76 um and average circularity of 0.68. The flowability of HDH powders
was characterized with a Freeman FT4 rheometer; more specifically, the powder-specific energy
(SE) and the bulk flow energy (BFE) were measured.
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Figure 1. SEM micrographs of the HDH Ti-6Al1-4V powders at two magnifications; (a,b) fine powder and (c,d) coarse
powder. (e) Particle size distribution measured via SEM image analysis and ImageJ software.

Table 1. Nominal chemical composition of Ti-6Al-4V alloy and the feedstock HDH Ti-6Al-4V powder provided by
the manufacturer [wt.%].

Ti Al \Y Fe C H N 0)
ASTM B 348 [16] | Bal. | 5.5-6.75 | 3.5-4.5 [ <0.40 | <0.08 | <0.015 | <0.05 | <0.20
Fine powder Bal. | 6.08 3.88 0.19 0.02 0.005 0.02 0.17
Coarse powder Bal. | 6.02 3.92 0.22 0.03 0.006 0.02 0.17
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2.2 Laser-beam powder bed fusion

To develop a processing map for the HDH Ti-6Al-4V powder with the two size distributions,
different combinations of laser power (P), scan speed (or velocity, V), and hatch spacing (H) were
selected (see Figure 2a). Fifty-three combinations of P-V-H were chosen to manufacture coupons
of 15 x 10 x 10 mm?® using an EOS M290 machine from the fine and coarse HDH Ti-6Al-4V
powders. The layer thickness was constant at 60 um (see ref. [17] for the reason of thickness
selection). For each combination, two samples were LB-PBF processed to evaluate the printability
of HDH powders. Figure 2b shows the layout of all as-built coupons fabricated on the base plate,
and parts were removed using wire electrical discharge machining (GF Machining Solutions AC
Progress VP3 Wire EDM Machine).
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Figure 2. (a) An overview indicating process parameter combinations associated with sample numbers in which two
coupons were LB-PBF processed for each P-V-H combination. (b) Photograph of the LB-PBF processed HDH Ti-
6AI-4V parts to optimize process parameters of laser power, scan speed, and hatch spacing using the HDH powders.

2.3 Characterizations of as-build coupons

The relative density of the as-built coupons was measured using the Archimedes method to
evaluate the density of the replicated coupons, and it was found that the standard deviation (std)
was between 0.002-0.5. Smaller std values were attained for samples with relative densities of >
99.9 %. As-built samples were cross-sectioned parallel to the build direction using an EDM
machine (Mitsubishi FX10k Wire EDM Machine) and mounted by fast cure acrylic powder resin
and hardener (MetLab) for metallographic observations. Then, mounted samples were ground
using sandpapers up to 800 grit sizes and polished using 3 pm diamond solution, 1 pm, and 0.05
um alumina solution, then, samples were etched using Kroll’s reagent. A Nikon Eclipse MA200
optical microscope was utilized to analyze the porosity. Optical images were taken from the entire
vertical cross-section of sample surfaces at a magnification of 50x with a resolution of 1280x960
pixels and then were stitched, converted to binary with the suitable threshold, and analyzed using
Imagel software [18] to determine the percentage and size distribution of pores. The Vickers
microhardness was measured on the vertical cross-section of the LB-PBF Ti-6Al1-4V parts (fine
powder) using a Buehler Micromet 2 machine with a load of 500 g and a dwell time of 15 s. Ten
indentations were conducted on each sample, and the average number was reported.

2.4 High-speed synchrotron x-ray imaging

The dynamic x-ray radiography (DXR) experiments were performed at the 32-ID-B
beamline of the Advanced Photon Source at Argonne National Lab. To replicate the laser melting
conditions of the LB-PBF process, a miniature single-bead powder bed was set up in an argon



(1 atm) chamber where a ytterbium fiber laser with a wavelength of 1070 nm, maximum output
power of 540 W, and spot size of 71.5 um scans from the top. The powder bed consists of a powder
layer (~ 200 um) and a thin slab (1 mm thickness x 2.89 mm height) of Ti-6Al-4V substrate. The
powder layer was placed on the top surface of the substrate which was sandwiched by two glassy
carbon plates (I mm thickness x 3 mm height). Polychromatic x-rays with the first harmonic
energy of 24.4 keV were used to illuminate the powder bed. The transmitted x-rays were converted
into visible light by a LuAG:Ce scintillator and later captured by a Photron FastCam SA-Z high-
speed camera at a frame rate of 25,000 Hz.

2.5 Powder packing analysis

The powder packing analysis utilized the 2D vertical cross-sections of the powder
computed tomography (CT) shown in Figure 3a as the input. The CT dataset was acquired in a
Zeiss Metrotom 800 system using x-rays with 85 kV and 47 mA resulting in a spatial resolution
of 5.4 um/pixel. The powder specimen was contained in a Kapton tube with an inner diameter of
approximately 3.49 mm. Figure 3b shows an example of a synthetic powder bed image consisting
of'a 120 um powder layer, which was extracted from the powder tomography, and a solid substrate,
which was assumed to be fully dense and possessed a smooth top surface. The selection of the
120 um powder layer thickness was based on the 60 um layer thickness used in the actual LB-PBF

fabrication. As discussed in many studies [19,20] the powder layer thickness converges to a value,
layer thickness

powder packing fraction
Semi-circular melt pools with various depths, from 43.2 um to 411.2 um with an increment of
21.6 um, were overlaid on the powder bed image where only the overlapping area was used in the
packing fraction calculation, i.e., the ratio between the black solid pixel and the white empty pixel,
as shown in Figure 3b. Once the packing calculations at all melt pool sizes were completed, the
model repeats the same process on a new powder bed image. A total of 660 images were used in
this study.

a)

which can be approximated by ( ), after the first ten layers of deposition.
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Figure 3. CT of the fine HDH powder with a cross-sectional plane demonstrating how the powder images were
extracted in (a) and (b) an example synthetic powder bed image with semi-circular melt pools showing how the powder
packing fraction was calculated.

3. Results and Discussion
3.1 Powder flowability

Flowability is an important indicator of powder's spreadability and printability, which is
essential to the quality of powder bed in additive manufacturing. With the irregular shape, HDH



powder is expected to have lower flowability than GA powder owing to powder interlocking
during spreading. It is shown in [8] that the GA powder had BFE and SE values of 365 mJ and
2.32 mJ/g, respectively, whereas for the HDH powder, they were 319 mJ and 2.40 mJ/g in coarse
powder and 341 mJ and 2.7 mJ/g in fine powder, respectively. Surprisingly, the used HDH
powders with the powder size distributions of 50-120 um and 75-175 um had even better
flowability than GA powder with a powder size distribution of 20-63 um. This better powder flow
of the HDH powder is most likely because coarse powders are known to flow better than fine ones.
The good flowability enables us to spread and form a high-quality HDH powder bed during LB-
PBF to fabricate nearly fully dense components.

3.2 Powder packing analysis using powder tomography

Average packing fraction is the popular metric for quantifying powder packing; however, it
overlooks the importance of local packing since pore formation is also a local event during laser
melting. As proposed in our previous study [17], the local low-density packing spots could be the
reason for the formation of pores akin to lack-of-fusion. They could result in depressions on the
top surface of a melt track which later cause variation of layer thickness at the subsequent
deposition and induce pore formation. The packing analysis was motivated by studies [21,22] from
the geomechanics community where the concept of local packing was used to quantify the packing
of porous media. The goal was to show if the powder size distribution and morphology could
influence the local packing condition by comparing the fine HDH powder against the coarse HDH
powder and the standard gas atomized powder reported in our previous study [17]. Although the
powder specimen in a Kapton tube may not perfectly replicate an actual powder bed, the results
do provide information about the relative packing of different powders.

Figure 4 summarizes the packing for each melt pool size into a single box-and-whisker plot
highlighting the median, the 25" and 75" percentiles, and the minimum and maximum without
considering the outliers. A smaller melt pool is more sensitive to the packing condition as
suggested by the larger packing variation since the gas pockets between particles can easily
dominate the area fraction of a melt pool when no solid substrate is re-melted. As the melt pool
size increases, the variation of packing fraction significantly decreases as more remelting occurs
with a bigger melt pool. Since the solid substrate was set to be fully dense, remelting also shifted
the medians upward and away from the average packing fraction at larger melt pool depths as
shown in Fig4. This observation aligns well with our optimization strategy in the fabrication which
1s to promote pore escape by increasing energy density. The average packing is 54.76% in the fine
HDH powder specimen which is similar to the 53.93% and 58.02% average packing in the coarse
HDH powder and the standard gas atomized powder [17], respectively. However, when only
focusing on the common size range of LB-PBF melt pools (highlighted in green in Figure 4), the
fine HDH powder specimen obviously possessed many low packing density spots with as low as
20% packing fraction. By contrast, the standard powder maintains a minimum packing of 50% for
the same melt pool size [17]. Furthermore, the difference in powder packing density between the
coarse and fine HDH powders was insignificant. Similarly, the porosity results discussed in the
later section also show that limited options of laser power and speed combination are available for
fabricating components with >99.9% density when using the fine HDH powder. That said, in
addition to size distribution, powder morphology is another important factor affecting packing.
Yet, further optimization is possible if more fine powder is added to reduce local packing variation
by filling interparticle air pockets.
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Figure 4. Powder packing fractions at various melt pool sizes in a) a fine HDH Ti-6A1-4V powder specimen and b) a
coarse HDH Ti-6Al1-4V powder specimen (reprinted from [17]). Note that the average packing was calculated using
only the powder uXCT images; thus, there is a difference between the median of packing at a specific melt pool
depth and the average packing, especially when remelting occurred.

3.3 Density measurements and porosity analysis of LB-PBF processed HDH Ti-6A1-4V

The relative densities of LB-PBF processed HDH Ti-6Al-4V from both fine and coarse
powders were measured based on image analysis on the cross-section of as-build coupons, and
results were shown in Figure 5. The process map was optimized by means of adjusting the laser
power, scan speed, and hatch spacing in the range of 150-370 W, 400-1500 mm/s, and 90-150 pum,
respectively. In critical components for aerospace application, full density, defect-free AM parts
are needed (e.g., a relative density of > 99.9%) [23]; while in our study, we consider a relative
density of >99.5% as part of the process map, and further tuning of process parameters can be
applied to expand the process window such that higher densities can be attained. Figure 5
illustrated three main regions of (1) green — parts with lack of fusion porosity (LoF), (2) purple —
parts with keyhole porosity, and (3) white — parts with a relative density of >99.5%.

Typically, large, irregularly shaped pores are categorized as LoF porosity, which is severely
detrimental to ductility and fatigue resistance [24], and they often contain unmelted powder
particles. LoF defects form in the LB-PBF processed parts due to inadequate melt pool overlap
[25] as well as powder characteristics (i.e., here, non-spherical powder of HDH Ti-6Al1-4V), laser
beam fluctuations, and gas flow, leading to imperfect powder bed melt formation [25-28]. On the
P-V map, LoF porosity occupies the low laser power and high scan speed regions. In past years,
energy density has been used as a measure to predict the relative density of AM parts; however, it
is possible for similar energy densities to result in different final densities (varying by as much as
60%) [29].
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Figure 5. Porosity percentage of the LB-PBF processed HDH Ti-6Al-4V powder using different combinations of

printing parameters of laser power, scan speed

, and hatch spacing. The purple region indicates keyhole porosity, and

the green regions denote lack of fusion porosity areas. The process window (white area) is defined as the area with a

relative density >99.5%. In the middle row,

the curved lines indicate the boundary between the keyhole porosity

Tang et al. [25] developed a simple geometric model to predict the boundary of the LoF

regimes). The Red dashed line shows the boundary for the bare plate and the red solid line shows the boundary when
porosity for Ti-6Al1-4V, called LoF index, as follow:

regime on the left and the stable melting regime on the right (consisting of a stable keyhole, transition, and conduction
the powder is deposited on the plate [30].

(Eq. 1)
and D is the melt

pool depth. This model assumes that a melt pool with semi-circle geometry forms such that melt

L <

2
) +(
where H is the hatch spacing, W is the melt pool width, L is the layer thickness,

H
w

(

2D. Therefore, we can differentiate the

Rosenthal equation [31] and approximately calculate the melt pool depth as follow:

pool width (W) is twice the melt pool depth (D), i.e., W
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where Q is the laser power, € is the absorptivity of Ti-6Al-4V alloy, e is the base of natural
logarithms, p is the density of the bulk Ti-6Al1-4V alloy, C, is the specific heat capacity of the bulk
Ti-6Al1-4V, V is the scan speed, Ty is the melting temperature, and 7) is the pre-heat temperature
such that (75, - Ty) (see Table 2).

Table 2. Physical properties of Ti-6Al-4V alloy [4,32].

Physical Property Sign | Value
Absorptivity € 0.48

Bulk density [kg/m’] p 4430
Specific heat capacity [Jkg K] | C, 526
Melting temperature /K] Tn 1660
Thermal conductivity [W/m.K] | k 6.7
Thermal diffusivity /m’/s] a 2.87x107°

The melt pool depth and melt pool width were estimated using Eq. 2, and results were shown
in Figure 6. The LoF boundary was determined based on Eq. 1, and values higher than 1 were
considered improper P-V-H combinations resulting in large, irregular pores, in agreement with 2D
micrograph analyses on the cross-section of the as-build specimens (green areas in Figure 5). Two
regions in Figure 6 are (1) values higher than 1 in which LoF porosity is expected and (2) values
much less than 1 in which the geometric model predicts the reduced occurrence of LoF porosity.
In other words, it can be assumed that the content of irregular defects decreases when the LoF
index values decrease. For instance, samples #99 (fine powder) and #100 (coarse powder) had an
LoF index of about 2.05 which was over 100% higher than 1; therefore, it was assumed that most
pores were LoF porosity due to a consequence of insufficient melt pool overlap. Green dash lines
in Figure 6 represent a nominal build rate of 4.5 mm?/s derived from nominal printing parameters
(see Table 3) provided by the EOS M290 manufacturer to obtain an optimum relative density of
99.5%.

H L .. . L .. .
One may use ” and - Tatios to characterize melt pool overlap. When - ratio is less than 1,

sufficient vertical overlap is achieved and LoF is lowered. Also, lateral overlap or % should remain
below 1 to minimize sensitivity to process settings [25]. Those P-V-H combinations with
reduced % and % ratios indicated sufficient melt pool overlap and lowered chance of LoF porosity.

As an example, specimens #71 (P: 370 W, V: 1250 mm/s, and H: 90 um with a relative density of
99.935%) and #72 (P: 370 W, V: 1250 mm/s, and H: 90 um with a relative density of 99.902%)

had an LoF index of 0.634 and % and % ratios of 0.478 and 0.637, respectively. In the P-V maps

with the hatch spacing of 120 um (in both fine and coarse powders), there were three combinations
of 150 W & 400 mm/s (Samples #1 and #2), 150 W & 600 mm/s (Samples #11 and #12), and
370 W &1500 mm/s (Samples #53 and #54) with LoF index of 0.641, 0.961, 0.974, respectively,
in which LoF porosity was seen on micrographs (see Figure 7). This could be attributed to the low
powder packing density of HDH powder and low laser power of 150 W (leading to the formation
of a shallow melt pool) or capillary instability of the melt pool due to high laser power and high
scan speed.



1.2 1.2 v
A) | - - Nominal build rate B) ' - - Nominal build rate

'
1.0 lopF——

100

0.8 0.8

!
1<)
[
]

0.6 0.6

L/D
a
e
(=]
Porosity %

0.4

0.2 0.2

\
()2 + (5)2=1 )
06 08 1.0

0'%,0 0.2 0.4 0.6 0.8 1.0 1.2 0'%.0 0.2 0.4

H/W
Figure 6. Processing map of hatch spacing and layer thickness relative to melt-pool dimensions of melt pool depth
and width of samples fabricated using A) fine and B) coarse powder; conditions within the circular arc would avoid
irregular lack-of-fusion porosity (LoF index) which means melt pool overlap and overlap depth must obey geometric
criterion.

1.2

In addition to irregular pores, spherical keyhole porosity may be generated in the LB-PBF
process powder during keyhole printing mode [30,33]. Formation of this defect usually occurs at
low scan speed and high laser power. At a high laser power, the laser drills deeper into the base
plate forming a "J" shaped melt pool (elongated melt pool) with a vapor cavity in the center. In
other words, keyholes with a high depth-to-width ratio show a strong tendency for pinching off
the tip of the keyhole. Recently, Zhao et al. [30] revealed that the boundary between the keyhole
porosity and stable melting regimes in the P-V process map of spherical Ti-6Al-4V powder has a
non-linear relationship with laser power and scan speed, as indicated by two curved lines in Figure
5. It is worth noting that the keyhole porosity (shape and size) is affected by keyhole depth during
keyhole printing mode. The determined unstable keyhole porosity regime (left side of the red
dashed line) resulted in a large keyhole pore formation. For instance, at a constant scan speed of
400 mm/s, it was seen when the laser power increased from 150 W (Sample #1) to 370 W (Sample
#9), variation in porosity percentage was minimal but microscopy observation and pore analysis
revealed evolution in pore morphology and size distribution (see Figure 7 and Figure 8). In fact,
LoF pores were dominant defect in the microstructure when low laser power of 150 W was applied
then by increasing it to 225 W, a transition from the conduction to keyhole mode resulted in the
formation of round keyhole pores (due to entering to the unstable regime at low scan speed of 400
mm/s and gas bubble entrapment inside the melt pool occurred). The right side of the boundary
(see the red curved line in Figure 5) (stable melting regime) consists of stable keyhole, transition,
and conduction regimes. In another situation in which the power was constant (e.g., 340 W),
keyhole pores appeared in the microstructure (due to unstable key mode printing) when the scan
speed was < 600 mm/s; while a transition between non-stable to stable keyhole mode (e.g., at laser
scan speed of > 600 mm/s) resulted in the formation of minimal spherical pores in the process
window with less than 0.5% pores in the microstructure. As the scan speed was set at 1500 mm/s,
a transition from keyhole to conduction mode led to the formation of LoF pores.
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Figure 7. Optical micrographs taken from cross-section of the LB-PBF processed HDH Ti-6Al-4V (A) fine and (B)
coarse feedstock using different laser power-scan speed-hatch spacing combinations. Numbers represent sample
numbers and odd numbers in “A” represent LB-PBF of fine powder and even numbers in “B” represent LB-PBF of
coarse powder. Irregular coarse pores are known as lack-of-fusion porosity, which can be interconnected, while fine
isolated pores are known as keyhole pores. In some cases, fine circular pores in 2D micrographs might be evolved due

to improper powder pack density of the HDH powder.
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In Figure 5 and for the hatch spacing of 120 um, the area between the dashed and solid lines
indicated the difference between presence and absence of powder during the laser melting process,
the deposition of powder expanded the keyhole porosity regime to higher scan velocities at a
constant power; nevertheless, the expansion seemed inadequate to explain remnant porosities in
the LB-PBF processed HDH Ti-6Al1-4V powder. Thus, the proposed keyholing boundary (at the
presence of metal powder) in [30] would be shifted to the right side when non-spherical powder is
used, perhaps because of stronger interruptions of the laser beam by the non-spherical powder
surfaces. This matter can be evaluated by synchrotron x-ray high-speed imaging in which the laser-
powder interactions can be visualized in-situ. Finally, P-V-H combinations indicated that, when
the hatch spacing decreased from 120 pm to 90 pm, the process window expanded slightly,
however, increasing the hatch spacing from 120 pm to 150 um resulted in a smaller process
window that was shifted to slower scan speeds.

Figure 8 shows cumulative pore size distributions on a probability scale (Figure 8a,b) and
normalized pore size distributions from the 2D micrographs (Figure 8c,d). Data was collected from
the cross-sectional optical micrographs of the specimens shown in Supplementary Figure 1. By
comparing pore distributions of sample #45 (H: 120 um and density of 99.883%) with sample #71
(H: 90 pm and density of 99.935%), along with increasing hatch spacing from 90 to 120 pm, the
size distribution of porosities is significantly changed such that the porosity size distribution is
broader in sample #45 compared to sample #71. Additionally, the maximum size of pores in
sample #45 is higher than sample #71 by about 50 um (see Figure 7 and Figure 8c). This difference

in pore size distribution can be explained by the difference in melt pool lateral overlap (%) of these
two fabricated parts (see Figure 6). Sample #71 with %of 0.477 has higher melt pool lateral

overlap than sample #45 with % of 0.637. This higher lateral overlap resulted in better remelting

of the previously solidified melt pool, thus, removing the majority of bigger porosities [25]. The
explained point was observed during comparison of samples #1, #2 (P: 150 W, V: 400 mm/s, H:

120 pm, %: 0.566), #21 and #22 (P: 150 W, V: 800 mm/s, H: 120 pm, %z 0.8) with samples #9,
#10 (P: 370 W, V: 400 mm/s, H: 120 pm, %: 0.36), #89 and #90 (P: 370 W, V: 800 mm/s, H: 150
um, %z 0.637), respectively (see Figure 6).

By comparing sample #1 (P: 150 W and V: 400 mm/s) and sample #21 (P: 150 W and V: 800
mm/s), it was seen that (i) porosity characteristics moved from below LoF criterion to over LoF
criterion (see Figure 6a) and porosities were transformed from keyhole mode to LoF along with
an increase in total porosity percentage by about 4.4%, (ii) probability of having porosities with
an effective diameter of < 25 um increased, however, probability of having porosities with an
effective diameter of > 25 um decreased (Figure 8a), and (iiil) maximum size of porosity decreased
by 120 pm from 620 pm to 500 um (Figure 8c). Furthermore, Figure 7 also confirmed that there
were many small keyhole pores and a small number of large LoF pores in sample #1, which could
be related to the lower packing density and larger packing variation of non-spherical powder
compared to standard gas atomized powder. On the other hand, sample #21 showed fewer keyhole
pores and more LoF pores than sample #1, which confirmed (i) and (ii).

To investigate the effect of laser power on porosity evolution, samples #2 (P: 150 W) and #10
(P: 370 W) with the same scan speed of 400 mm/s were selected. Sample #2 showed a density of
95.35% and sample #10 had a density of 95.03%, which is not so much different. Both samples
show similar porosity size probability distribution, but sample #2 had the maximum porosity
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effective diameter of 431 um, while, sample #10 had the maximum porosity effective diameter of
185 um (see Figure 7B and Figure 8b,d). With increasing laser power from 150 W to 370 W, the
total number of porosities decreased from 66 to 44 per mm? and porosities became substantially
smaller without any significant changes in the total density of parts. Therefore, probability plots
for the distribution of porosity and distribution of the residual pores vs. effective diameter provided
valuable information on the porosity characteristics such as size, number, and distribution as a
function of laser power, scan speed, and hatch spacing. We found that (i) higher scan speed and
higher laser power further reduce the porosity population, (ii) reducing hatch spacing further
improves the part density, (ii1) pores smaller than 30 um dominates the porosity population if the
parameter is within the process map, (iv) high scan speed and low laser power lead to the LoF pore
formation in which large and interconnected pores dominate the pore volume, and (v) the LoF
pores align along the scanning direction.
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Figure 8. A comparison of probability plots indicating the cumulative porosity size distributions of the LB-PBF
processed (a) fine and (b) coarse HDH Ti-6Al1-4V powders. Distribution of the residual pores vs. effective diameter
on the entire cross-section for the LB-PBF processed (c) fine and d) coarse HDH Ti-6Al1-4V powders.

3.4 Energy density vs. density of LB-PBF processed HDH Ti-6A1-4V
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The relative density of samples against energy density was shown in Figure 9. The volumetric
energy density (as opposed to linear energy density) is a parameter used to describe the average
input energy on material per volume [34] as follow:

P

E=— (Eq. 3)

V.H.L

where P is laser power (J), V is laser scan speed (mm/s), H is hatch spacing (mm), and L is layer
thickness (mm). As shown in Figure 9a, there is a general trend of achieving higher densities
0f>99.5% with some outliers that can be explained by the individual effects of printing parameters.
When laser power and scan speed are doubled, the energy density would remain constant at
constant hatch spacing and layer thickness. However, changes in laser power and scan speed
directly affect melt pool geometry and the ability of the laser to melt the powder throughout the
volume. Thus, the final density of parts would be affected.

Figure 9b showed the effect of melt pool geometry on porosity difference between parts
manufactured using the same printing parameters but different powders (fine and coarse) with
respect to the parameters used for the printing, which were shown as energy density (Eq. 3). Melt

pool geometry is shown by the ratio of % derived from the Rosenthal equation and described as
follows [31]:

L geQVv
W A 321mka(Tm—T,)

where L is melt pool length, ¥ is melt pool width, Q is laser power, V' is laser scan speed, e is the
base of the natural logarithm, ¢ is laser absorptivity of Ti-6Al-4V alloy, k is the thermal
conductivity of Ti-6Al-4V, a is the thermal diffusivity of Ti-6Al-4V, T, is the melting temperature,
and 7y is the pre-heat temperature such that (75 - Ty) (see Table 2).

(Eq. 4)
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Figure 9. (A) Relative density of LB-PBF HDH Ti-6Al-4V parts fabricated with the corresponding energy density and
(B) the relationship between melt pool geometry (y-axis), energy density (x-axis), and the porosity difference between
samples printed with fine and coarse powders (size of points). The orange dashed line in (A) denotes the density of
99.5% threshold to find the proper energy density for printing parts. Solid shapes in (B) denote the higher porosity
percentage of samples manufactured using coarse powder and hollow shapes denote the higher porosity percentage of
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samples manufactured using fine powder. Size of the shapes in (B) shows the magnitude of porosity content difference
between coarse and fine powder.

The general trend showed higher sensitivity to powder feedstock as the energy density is
below 40 J/mm?>. It was seen that with decreasing energy density, porosity difference tends to

. L .

increase. On the other hand, for ” of lower than 10, the fine powder shows more porosity content
. . . . L . .

than the coarse powder, and this difference decreases by increasing the — up to 10. By increasing

%up to 12, the porosity content in coarse powder increases, and for % of higher than 12, the

porosity difference tends to decrease (see Figure 9b). These variations in porosity content can
occur due to the more severe shadowing (see section 3.7) effect in coarse powder. When the laser
scan speed is larger (e.g., L/W ratio higher than 10), laser moves on the particles faster and the
shadowing effect prevents full remelting of the previous layers because of high keyhole depth
fluctuations, thus, a higher amount of porosity will prevail. On the other hand, when the powder
size is smaller (i.e., using fine HDH powder), the shadowing effect will be of less importance;
however, smaller powder size resulted in a higher number of powder particles in the same volume
which led to a less remelting rate of the previously deposited layer using low laser power and scan
speed (e.g., L/W ratio lower than 10). The smaller remelting rate caused a higher porosity
percentage in the samples manufactured using fine powder. When the energy density is above
40 J/mm?, sensitivity to powder feedstock decreases. This suggests that the shape of the melt pool
(e.g., depth and width) may play an essential role in how easily pores escape from the melt pool.
Although powder packing density of both fine and coarse powder is about 54%, fine powder
showed more low packing spots compared to coarse powder (see Figure 4) which can lead to void
formation during the powder spreading. This would impact melt pool formation when the energy
density is < 40 J/mm?>. Since powder packing density of the irregularly shaped powder is lower
than the spherical ones (54% compared with 58%), it is thought that the energy density higher than
40 J/mm® will generate a sufficiently deeper melt pool (in transition or stable keyhole mode
printing) compared to the conduction mode printing with a shallower melt pool, and therefore may
facilitate pore escape.

3.5 Build rate vs. density of LB-PBF processed HDH Ti-6A1-4V

In metal AM, quantitative prediction of near fully dense part production as a function of the
build rate is crucial, specifically when non-standard powders are developed in powder bed AM
machines. The proposed geometric model by Tang et al. [25] was developed with a particular aim
to enhance the build rate. The following Eq. 5 can be used to calculate the build rate:

Build rate = V.H.L (Eq. 5)

where V is the laser scan speed, H is the hatch spacing, and L is the layer thickness. In this study,
the layer thickness was fixed at 60 um, while both scan speed and hatch spacing were varied to
improve build rate at which the density of > 99.5% was achievable, and the results of build rate
ratio vs. density are shown in Figure 10. To maximize the build rate, a high scan speed is preferred,
and a high laser power is required to enhance the melt pool depth and the remelting fraction of the
previously deposited layer, while the P-V combination should be optimized to avoid balling.
Further, the analytical Rosenthal equation for the melt-pool size (see Eq. 2) is proportional to the
root square of P/V, thus, increasing the melt pool size at a constant power can be achieved by
reducing scan speed. This will reduce the build rate, and if V' is below a certain speed (see the red
dash line in Figure 5), keyholing porosity occurs.
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One practical implication in Figure 10 is that in many cases, there is room to increase the
build rate without causing LoF porosity. Typically, build rate ratios between 1.5 and 2 (absolute
build rates of 6.75 and 9 mm?/s) resulted in densities of > 99.5% and one can choose a variety of
P-V-H combinations to manufacture near fully dense parts. It is worth noting that the energy
density and build rate have an inverse relationship and it will directly affect the melt pool geometry
and microstructure of the AM parts. Tang et al. [25] reported that the maximum build rate would
be achieved at equal values of H/W and L/D, both equal to 0.71. However, this value was not seen
in this study, and based on the hatch spacing, a variety of H/W and L/D combinations could lead
to the fabrication of near full density AM parts. A summary of the process parameters, energy
density, and build rate of selected LB-PBF samples that resulted in the fabrication of parts with
densities of 99.8% was given in Table 3. Compared to the standard process parameter for spherical
Ti-6Al-4V powder in the EOS M290 machine, higher build rates can be attained using non-
spherical HDH Ti-6Al1-4V powder with much larger particle sizes. One main difference was the
layer thickness of 60 pm compared to 30 pm used for standard spherical powder (with dsp =39 pm).
However, the larger layer thickness may cause some loss of geometrical resolution which
illustrates the necessity to maximize build rate with all constraints taken into account.
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Figure 10. Density variation based on varying LB-PBF process parameters of the fabricated parts from HDH Ti-6Al-
4V (left) fine and (right) coarse powders. The build rate ratio is the rate compared to the standard condition (power of
340 W, scan speed of 1250 mm/s, hatch spacing of 120 um, and layer thickness of 30 um). Build rate increases as the
scan speed increases from 400 mm/s to 1500 mm/s.

Table 3. Summary of process parameters, build rate, and energy density of selected samples with a relative density
of > 99.8 %. Nominal process parameters for LB-PBF of spherical Ti-6Al-4V were provided by the EOS M290
machine manufacturer. Note: The spherical powder used in the EOS M290 machine had dso = 39 um, while HDH
powder had a significantly higher median size, i.e., dso = 82 pm and dso = 109 um for fine and coarse powders,
respectively.

Samples P (W) v H L Build Rate | Energy Density Relative Density

No. (mm/s) | (um) | (mm) | (mm?%s) (J/mm®) (%)

27 340 800 120 60 5.67 59 99.707
28 340 800 120 60 5.67 59 99.620
37 370 1000 120 60 7.2 514 99.854
38 370 1000 120 60 7.2 514 99.900
45 370 1250 120 60 9 41.1 99.883
46 370 1250 120 60 9 41.1 99.804
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71 370 1250 90 60 6.75 54.8 99.935
72 370 1250 90 60 6.75 54.8 99.902
83 225 800 150 60 7.2 31.3 99.692
84 225 800 150 60 7.2 31.3 99.500
&9 370 800 150 60 7.2 514 99.857
90 370 800 150 60 7.2 514 99.792
Nominal 340 1250 120 30 4.5 75.5 99.548

3.6 Microstructure of LB-PBF processed HDH Ti-6A1-4V

To observe the microstructure of the LB-PBF processed HDH Ti-6Al-4V, samples with a
relative density of > 99.8% were selected. Figure 11 showed the optical micrographs taken from
the center of the vertical cross-section of the etched samples. The vertical cross-sections clearly
show an epitaxial growth (elongated columnar grains), as reported elsewhere [34-36]; The shape
of the grains is sensitive to variations of melt pool geometry due to the different LB-PBF process
parameters. Owing to the high cooling rates in LB-PBF, a fine acicular martensitic (') structure
was seen in the elongated grains. Columnar prior B grains were present in all microstructures
extending over multiple layers. The epitaxial growth resulted from the remelting and
resolidification processes which allow the preferred orientation from the previous deposition to be
inherited [37]. Depending on the process parameters (laser power, scan speed, and hatch spacing),
the size of prior B grains varied from 0.10 mm to 0.20 mm in width and from 0.4 mm to 4 mm in
length, confirming prior  grains were far taller than the layer thickness of 60 um. At a constant
laser power of 370 W, when the scan speed increased from 1000 mm/s (samples #37, #38) to
1250 mm/s (samples #45, #46), the energy density decreased from 51.4 J/mm?® to 41.1 J/mm’,
indicating a reduction of heat input; thus, a smaller B grain width and shallower melt pools were
seen. At the constant power of 370 W and scan speed of 1250 mm/s, when the hatch spacing
decreased from 120 um (samples #45, #46) to 90 um (sample #71), the energy density increased
from 41.1 J/mm? to 54.8 J/mm? leading to the formation of coarse B grains. It could be associated
with the increase in overlap of the melt tracks and the resulting heat buildup influencing melt
formation, solidification conditions, and consequently the resultant grain width [8]. At the highest
energy density of 54.8 J/mm?, it was observed that the thick and textured columnar grains, which
span the entire specimen length, were formed; at a lower energy density of 41.1 J/mm’, the
columnar structure was possibly broken, resulting in a microstructure of the prior B grains. The
above observations were consistent with enhanced epitaxial growth at high energy densities
because of the directional thermal gradients and partial re-melting of previously deposited layers
as reported in [38].

The microstructures of the various LB-PBF HDH Ti-6Al-4V parts are illustrated in Figure 11
(optical micrographs) and Supplementary Figure 2 (scanning electron microscopy results). o' is
the white needle-shaped phase (see Supplementary Figure 2) and the matrix consists of a+f3 phase
(Figure 11) known as the basket-weave phase [39]. Although the micrographs presented in Figure
11 and Supplementary Figure 2 were collected from samples with relative densities of > 99.8%,
the variation of thermal history at different sample heights and the applied different energy density
inputs were expected to impact the grain structure and phase evolution in the LB-PBF Ti-6Al-4V
parts. In other words, manufactured parts showed different morphologies due to different heat
inputs and cooling rates. When the cooling rate is high (~5600-6500°C/s in laser melting process
[40]), the majority of B phase transforms to o' phase, so the decomposition of o' to a and B is
suppressed due to high cooling rate (while temperature decreases to room temperature), however,
a small fraction of § phase transforms to a phase directly after passing the B transus temperature.
In contrast, for the cooling rates between ~2900 — 3600 °C/s[40], all of the 3 phase transforms to
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o phase after passing the B transus temperature and none of the  phase transforms to o'. For
cooling rates less than ~5600-6500 °C/s, as the cooling rate gets smaller, less amount of § phase
transforms to o' phase. Xu et al. [41] investigated the effect of process parameters on the final
microstructure of LB-PBF parts. They reported that by decreasing energy density, the martensite
phase can be preserved. In fact, the cumulative residence time of the previously deposited layer in
a temperature range of >400°C decreased with the reduction of energy density, thus, the o’
martensite in the as-deposited Ti-6Al-4V alloy had limited time to decompose into o and 3 phases.
Also, laser focal offset distance (FOD) had a direct impact on the final microstructure of the LB-
PBF parts. Here, we showed when the FOD is zero (regardless of process parameters), the
microstructure of the final parts are mainly comprised of acicular o’ martensitic phase with a
minority of lamellar (o+p).

Print Direction

Figure 11. Optical micrographs taken from the LB-PBF processed HDH Ti-6Al1-4V A) fine and B) coarse powders.

Supplementary Figure 2 illustrated SEM micrographs showing the dominance of the
martensitic microstructure in the samples. By comparing samples #37 (E =51 J/mm?, H= 120 pm,
V'=1000 mm/s) and #89 (E = 51 J/mm?, H= 150 pm and V' = 800 mm/s), it was seen that samples
printed with the same energy density showed different o’ lath widths. Samples with smaller hatch
spacings have more laser passes on the surface which leads to more high-temperature heating
cycles. In other words, more heating cycles decrease the peak temperature. Lower peak
temperature than martensitic start transformation temperature (Ms) results in coarsening of the
existing martensitic features instead of decomposition of martensite because of insufficient dwell
time and relatively lower peak temperature [42]. This point was also confirmed by comparing
samples #45 (H =120 um) and #71 (H = 90 um), in which larger martensite features were seen in
sample #71. A similar trend was observed in the samples manufactured using the coarse powder.
It appears that energy density can affect microstructure by changing the heat input and thermal
history of the part, however, energy density is not a perfect criterion to produce the best final parts.
For example, by doubling both laser power and scan speed the energy density will remain the same
but the final part properties can be different. Prashanth et al. [29] reported different tensile
properties of Al-12Si parts manufactured using the same energy density. They showed that the
tensile properties of the parts are dependent on laser power, rather than energy density. Xu et al.
[41] also observed when a constant energy density was applied on LB-PBF of Ti-6Al-4V using
different combinations of laser power, scan speed, layer thickness, and FOD constant energy
density, the final microstructure varied from fully acicular o’ martensite to mixed acicular o’
martensite and lamellar (o + ) which indicates that energy density is not a good criterion to rely

18



on. In other words, tuning the LB-PBF processing variables would lead to substantial variations in
the constituent phases, owing to the changed thermal profiles.

Figure 12d Showed different microstructural features present in the LB-PBF Ti-6Al1-4V parts.
As mentioned before, martensite is the dominant phase in the as-build parts due to the high cooling
rate of the LB-PBF process. Along with martensitic features, prior beta grain boundaries are visible.
During the solidification process, all liquid phase inside the melt pool transforms to 3 phase, known
as the prior beta phase, and this prior B phase then transforms directly to o’ martensite because of
a high cooling rate. Since the martensite finish temperature (My) is below room temperature [37],
a small amount of B phase remains between the o' needles in the form of  nano particles, as
reported by Oh et al. [43] and Y. Xu [44].
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Figure 12. A) schematic of two consecutive layers showing the regions with and without remelting and B) Calculated
cooling rates against P/V ratio. The region between orange curves shows the cooling rates just below the remelting
region and the region between blue curves shows the cooling rates at the bottom of the melt pool. C) schematic
representation of thermal cycles in the part because of laser passing on the surface and the corresponding estimated
cooling rates and D) SEM micrograph of sample #37 showing different types of martensite features produced based
on the heating cycles,  nano particles, and prior  grain boundary.
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The amount of B nano particles is correlated with the cooling rate of the LB-PBF process which
is affected by processing parameters. The cooling rate can be estimated using the following
equation [45].

aT _ 2a€ APV v > -
o~ ! + 52+22 V(é’2+zz)] (27rk2a §2+Zz) XP[ 2 (§+Vet+z )] (Eq. 6)

where £ is the relative distance to the center of the laser spot in the x-direction defined by (x —
Vt) (mm), z is the vertical distance from the center of the laser spot (mm), « is the thermal
diffusivity of Ti-6A1-4V alloy (mm?/s), V is the laser scan speed (mm/s), P is the laser power (W),
k is the thermal conductivity of Ti-6Al-4V alloy (W/mm.K). Eq. 6 can be used to calculate the
local cooling rate based on the laser power and scan speed at a certain distance from the laser spot.
There is a penetration of the laser inside the previously deposited layer to fuse it to the new layer,
therefore, there is an area of remelting in the previous layer. This remelting causes changes in the
previously solidified region but there will be an area without remelting whose height will be equal
to the layer thickness as shown in Figure 12a.

Depth of the melt pool changes based on the LB-PBF processing parameters; the depths were
calculated using Eq. 2 and the calculated cooling rates at the bottom of the melt pool (point 2) and
just below the remelting region (point 1) were plotted against the P/} ratio and the results were
demonstrated in Figure 12b. The cooling rates decrease continuously with increasing P/V ratio
despite the direct relationship between the cooling rate and laser power which is consistent with
the results reported by Promoppatum et al [45] for Inconel 718 alloy. This happens because
increasing laser power increases the melt pool depth, thus the region without remelting will be
further away from the laser which will decrease the cooling rate because of the distance to the laser
spot. On the other hand, the difference between the cooling rates at the bottom of the melt pool
and below the remelting region increases as the P/V ratio decreases. This occurs because when the
laser scan speed increases, there is less time for the temperature to become uniform throughout the
melt pool; thus, with increasing laser scan speed, the temperature and the cooling rate at the bottom
of the melt pool decrease. The average cooling rate inside the region without remelting is well
above the range (~5600-6500°C/s) of obtaining fully martensitic microstructure, thus, the
microstructure of the mentioned area is fully martensitic after solidification and before deposition
of the next layer as reported by Vaglio et al [46] with single-track experiments on Ti-6Al-4V alloy.
They showed that the microstructure of the single tracks will be fully martensitic regardless of the
processing parameters.

Although the effect of laser power and scan speed is obvious on the cooling rates, it should be
mentioned that the thermal cycles in the part play a role in determining the final microstructure of
the LB-PBF Ti-6Al-4V part. With each pass of the laser on the surface, thermal cycles inside the
fabricated part will cause a small amount of o’ to be decomposed into a+f3 as shown in Figure 12d.
The peak temperature of each thermal cycle in a specific coordinate decreases as the subsequent
layers are being deposited and the assumption is that every point inside the part experiences the
same heat cycles as reported by various studies [42,47]. Figure 12c schematically shows the peak
temperatures during each thermal cycle. The first peak is well above the melting temperature of
the Ti-6Al1-4V alloy with the cooling rate calculated and shown in Figure 12b. The second peak is
above the solidus temperature, thus, the specific location undergoing this cycle experiences a slight
local melting and fully  phase coexist with liquid, however, because the cooling rate is still more
than ~10° °C/s, the microstructure is fully martensitic but the martensite features from this cycle
are more refined. They are the secondary o' that coexist with the primary o'. As the peak
temperature of the third cycle is above the B transus, all of the martensitic features transform to 3
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phase but still some of the dislocations from the decomposed o’ will remain because of high heating
rate which act as nucleation points for the new martensitic features [48]. During the fourth cycle,
the peak temperature is below B transus, thus, some of the small martensitic features decompose
to B phase but the primary o’ features remain untouched because of insufficient dwelling time in
that temperature as reported by Qazi et al [49], and the B phase transforms into even more refined
o’ features called tertiary o'. In the fifth cycle, local transformation to f phase occurs and because
of the high cooling rate, those 3 phases transform into quatric o'. In the next heating cycles, small
amounts of o decompose into  phase and form the § nano particles shown in Figure 12d.

Figure 13 showed the effect of laser scan speed on microstructural evolution of LB-PBF Ti-
6Al1-4V parts manufactured using constant laser power of 370 W and different laser scan speeds
in the range of 400 mm/s to 1500 mm/s. A lower scan speed of 400 mm/s (sample #9) resulted in
a combination of short columnar and a considerable number of equiaxed grains. Increasing laser
scan speed to 800 mm/s (sample #29) decreased the number of equiaxed grains along with
preserving the columnar grains. A laser scan speed of 1000 mm/s can be considered as the critical
scan speed in which all the equiaxed grains are removed and only columnar grains are visible. The
presence of equiaxed grains can be explained by lower cooling rate because of lower laser scan
speed based on Eq. (6) and lack of new nuclei introduced in the melt pool. Wu et al. [50] reported
the same phenomenon in the DLF processed Ti-6Al-4V samples.

Equiaxed grains

Equiaxed grains

200 um C0|umnar grains 200 um

Figure 13. Optical micrographs of LB-PBF Ti-6Al-4V parts manufactured with laser power of 370 W and different
laser scan speed of 400 to 1500 mm/s as indicated in each micrograph. Micrographs were collected from the near top
surface region of the samples.

Further increasing laser scan speeds resulted in the distortion of columnar grain boundaries.
The higher speed also increases the melt pool instability, thus, disrupting continuous epitaxial grain
growth in the material and leading to distortion of grain boundaries. As suggested by Wang et al.
[51], increasing laser scan speed results in a higher temperature at the edges of the melt pool
compared to the bottom of it, thus, epitaxial growth of the grain is distorted.

Pauza et al. [52] modeled the microstructure development in LB-PBF and showed that the
shape of the melt pool plays an important role in determining the final microstructure of the part
which is consistent with the results in the present study. Relatively slower laser scan speed (400 —
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800 mm/s) results in a deeper melt pool with the shape of a keyhole and a higher rate of instability
and non-uniform thermal gradient which results in grain growth and equiaxed grains in the
previously deposited layers. Increasing laser scan speed reduces the penetration time of laser and
results in the semi-elliptical shape of the melt pool which is more stable and has enough penetration
to completely fuse the new layer to the previously deposited layer and increases the chance of
regrowth in grains, thus, grains in the parts produced with a laser scan speed of 1000 — 1250 mm/s
showed more uniform shape. Further increasing the laser scan to 1500 mm/s results in a shallow
semicircular shaped melt pool which decreases the chance of grain regrowth, thus, the distortion
of grain boundaries occurs.

3.8 Dynamic x-ray radiography

Dynamic x-ray radiography is an attenuation-based x-ray technique meaning the differences
in laser absorptions and material densities result in contrast. As highlighted in Figure 14a-c, the
darker regions are the solid phases, i.e., the powder and metal substrate, and the lighter regions are
the gas phases, i.e., the vapor cavity and ambient argon environment. Figure 9B shows that the
builds using the coarse and the fine HDH powders displayed different sensitivity to the variation
of laser energy density especially when the energy level is suboptimal. This trend motivated the
use of in-situ x-ray imaging technique to observe the interaction between the powder and the laser.
The findings assist in understanding how powder size and morphological irregularity may
influence laser melting at keyhole mode by comparing the experiments conducted in three different
powder beds, i.e., the spherical gas atomized powder and the coarse and fine HDH powders. The
laser parameter set of 350 W and 700 mm/s was selected since this parameter set is on the verge
of the transition to the unstable keyhole regime where the observable keyhole size is maximized
while no formation of keyhole porosity interrupts the measurements of keyhole depth.

Figure 14d summarizes the profiles of the melt pool depth as a function of laser melting time.
The average keyhole depths are 261.4 £ 17.4 um for the gas atomized powder, 248.2 + 14.8 pm
for the fine HDH powder, and 247.7 + 22.5 um for the coarse HDH powder. Note that the
important difference is not the average depths, since it could be affected by the variation of layer
thickness, but the standard deviations which reflect the severity of the keyhole fluctuation in the
presence of different powders. The keyhole fluctuation is clearly more severe in the coarse HDH
powder bed. Surprisingly, the fine HDH powder bed resulted in the mildest fluctuation among the
three experiments. Figure 14a-c shows the most intense keyhole fluctuation in all three
experiments where porosity formation events were observed more frequently in the coarse HDH
powder bed. The larger fluctuation can be attributed to the amplification of the laser shadowing
effect in the HDH powder bed as suggested in our previous effort [17]. When the laser is shadowed
by a HDH particle, the local cooling is expected to last longer due to the larger particle size. Once
the laser path is fully restored, the substrate is often more exposed since the powder layer of the
coarse HDH powder possesses lower counts of particles compared with the other powder beds as
shown in Figure 14a-c. As the result, both the shrinkage and the expansion of the keyhole are
amplified. As shown in Figure 14e, a similar trend was observed in the keyhole width
measurements where the standard deviations of width are 29.0 pm for the coarse HDH powder,
24.2 um for the fine HDH powder, and 24.1 um for the gas atomized powder. Reducing particle
size appeared to be effective to mitigate the violent fluctuation as the fine HDH powder behaved
more similarly to the spherical gas atomized powder. It is believed that the smaller particle size of
the fine HDH powder bed helped reduce the keyhole fluctuation. The result suggests that it may
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be feasible to control keyhole behaviors through only altering particle size without eliminating the
powder shape irregularity.
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Figure 14. DXR frames collected in the (a) gas atomized, (b) fine HDH powder, and (c) coarse HDH powder added
single-bead Ti-6Al-4V experiments at a laser power of 350 W and a scan speed of 700 mm/s showing the fluctuations
of keyhole dimensions. The keyhole depth profiles and the width profiles are shown in (d) and (e). Note that the
timestamps in (a-c) are the time since the laser was initiated. The DXR videos (Supplementary Video S1, S2, and S3)
can be found in the supplementary material. Bold solid lines in (d) and (e) are 5 point moving averages.

3.9 Vickers microhardness

The microhardness tests were carried out on samples manufactured using fine HDH powder,
at a hatch spacing of 120 pm, and various laser power and scan speeds and the results were shown
in Figure 15. Increasing laser scan speed while keeping the laser power (P = 370 W) constant,
causes the hardness to increase up to laser scan speed of 1250 mm/s and decrease in hardness by
further increase in laser scan speed. This phenomenon can be correlated with the columnar prior 3
grains morphology as discussed before (see Figure 13). Also, increase in laser power with constant
laser scan speed (V = 1250 mm/s) results in higher hardness due to mainly decrease in porosity
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content. However, the inverse correlation between the hardness and laser power in the low laser
scan speed region (V = 400 or 600 mm/s) was spotted. This can be explained by the fact the
increasing laser power in this region results in change in pore formation mechanism at first (from
P =150 to P = 225 W) and increase in pore size with further increase of laser power. Micro-
hardness indent has less probability of contacting larger LoF pores with higher distance between
them compared to circular keyhole pores that are more uniformly spread throughout the sample.
Results were in agreement of the reported values for LB-PBF Ti-6Al1-4V alloy [15,53].
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Figure 15. Vickers microhardness variation based on the processing parameters of the LB-PBF processed Ti-6A1-4V
alloy. Data was collected on the samples manufactured using fine powder with a constant hatch spacing of 120 pum.

4. Conclusions

This study was carried out to show the successful utilization of cost-effective non-spherical
HDH Ti-6Al1-4V powders in the LB-PBF process to lower the cost of production compared to the
use of GA powders. Below are the major findings:

e Despite the possibility of mechanical interlocking between powder particles, HDH powders
(both fine and coarse powders with PSD of 50-120 um and 75-175 pum, respectively) showed
better flowability compared to GA powders with 20-63 pm size distribution. This better
powder flow of the HDH powder is most easily accounted for by the powder size since coarse
powder (e.g., HDH powder with Dso > 50 pm) is known to flow better than fine ones (e.g., GA
powder with Dso < 35 um). By using optimized process parameters, samples with a relative
density of >99.5% were manufactured.

e The micro-computed tomography analysis showed the overall packing density of the fine and
coarse HDH powders was 54.8 % and 53.9 %, respectively. Similar to the coarse HDH powder,
the fine HDH powder also has many low-density packing spots, proven by the Monte Carlo
analysis, with 20 % - 40 % packing fraction at nominal LB-PBF melt pool sizes.

e Parts with a relative density of >99.5 % were produced using a build rate of 1.5-2 times of the
nominal production rate and lower energy density (30-60 J/mm?® in HDH powder) compared to
GA powders and standard EOS M290 parameters (~75 J/mm?). By increasing the build rate,
parts are produced faster using less energy which will lower the cost of production even further.

e Microstructure and phase analysis indicated that acicular o' martensite was the main phase in
LB-PBF Ti-6Al-4V parts owing to the high cooling rates. Traces fractions of B phase (about
1-4 %) with nano-granular morphology were also detected despite the extremely high cooling
rate during solidification of the melt pool.

e Grain morphology in LB-PBF Ti-6Al-4V parts changed from regional equiaxed to fully
columnar and then distorted columnar by increasing laser scan speed at a constant laser power.

24



The change in grain morphology occurred because of melt pool shape change and heat transfer
disturbance which affect the chance of grain regrowth and new grains nucleation.

e [n situ synchrotron x-ray imaging showed that coarse HDH powder (75-175 pm) caused less
packing density and higher laser shadowing effect which resulted in higher variation in keyhole
depth. Fine HDH powder (50-125 pum) behaved similar to GA powder (20-63 pm), both in
keyhole depth and width fluctuations. This suggests that, by using non-spherical powder with
an optimized PSD, laser shadowing can be mitigated.

e Mechanical testing showed dependency of Vickers microhardness to process parameters and
resultant microstructure of the LB-PBF Ti-6Al-4V in which the highest value of ~390 HV s
was attained for samples with a density of > 99.8%.
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