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1. Introduction

Oxide dispersion strengthened (ODS) ferritic steels are produced by powder metallurgical
process. Mechanical alloying (MA) consists of milling Fe-14Cr stainless steel powder with Y203 and
TiH2 powders to distribute homogenously Ti and Y atoms inside the ferritic matrix. The resulting
powder is then consolidated by hot extrusion or hot isostatic pressing to obtain a bulk material. This
step allows the precipitation of Y-Ti-O oxides in the matrix, which lead to an improvement in
mechanical and physical properties, especially for high temperature applications [1]. Considering the
limitations regarding the final shape complexity of components obtained by these traditional fabrication
routes, the evaluation and development of alternative production methods are currently studied in
order to increase the widespread use of ODS alloys.

In the frame of assessing the potentialities of additive manufacturing to manufacture ODS
complex parts, a Fe-14Cr powder milled with 0.3%wt. Y203 and 0.3%wt. TiHz is consolidated by Laser
Powder Bed Fusion (L-PBF). This process depends on a wide range of parameters such as laser
power, scanning speed, hatch distance, scanning strategy... An optimization of these parameters was
performed to get dense L-PBF builds in a previous work [2]. The quality of L-PBF fabricated parts
depends also on the powder feedstock characteristics.

Few works studied the influence of particle size distribution on the density of L-PBF builds.
Spierings et al. compared the processability of three powders of 316L stainless steel (SS) with various

particle size distributions by laser powder bed fusion [3]. They demonstrate that fine particles are
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beneficial to get dense L-PBF parts and a better surface quality. Liu et al. showed that powder of 316L
SS with high content of fines particles provides higher powder bed density and thus higher density
parts under low laser energy intensity [4].

The influence of particle morphology on final properties of parts is not widely studied. Some
researchers as Li et al. compared gas and water atomized powder [5]. They found that gas atomized
spherical 316L powder generates parts with higher densities than those build with water atomized
irregular powder. This is due to the high packing density and low oxygen content in gas-atomized
powder. Baitimerov et al. compared three different batches of gas-atomized AlISi12 powder from
different manufacturers [6]. They showed that the morphology of the powder affects the flowability and
the apparent density. Powder with good flowability and apparent density combination show the best L-
PBF processability. Spherical particles with a just amount of fine particles are necessary to get a
uniform powder bed.

Further investigations on the influence of the powder characteristics on the properties of L-
PBF builds is still necessary. Non-spherical ODS Fe-14Cr particles of milled powder and standard
spherical atomized Fe-14Cr particles of powder are characterized for comparison. Observations and
measurements such as density, particles size distribution, flowability and morphology are performed
on these powders before consolidation by L-PBF process. This work aims to better understand the

role of the powder’s morphology on the L-PBF processability.

2. Materials and Methods
2.1. Materials

A Fe-14Cr-1W-0.3Mn-0.3Si-0.2Ni stainless steel powder, supplied by Nanoval, is used as
matrix material. This gas atomized powder is labelled “Powder A” when used as-received and “Powder
A30” when only the finest particles with a diameter lower than 30 um are kept after sieving.

The powder A is milled with 0.3% wt. of Y203 oxide powder and 0.3% wt. of TiH2 hydride
powder. The milling is continuous and lasts for 176 hours. It was performed under hydrogen
atmosphere with 100C6 balls by Mecachrome on MATPERF Platform. The milling process allows to
distribute homogeneously the reinforcement in the metallic matrix. The integration of Y203 and TiH2
aims at the formation of stable oxide particles such as Y2Ti2O7 or Y2TiOs in the stainless steel matrix
[7,8]. The milled powder is labelled “Powder M” when used as-milled and “Powder M63” when this
powder is sieved at 63 pm.

2.2. Selective laser melting

The L-PBF experiments are conducted on a TruPrint series 1000 L-PBF machine (TRUMPF
GmbH), equipped with a 200 W Yb-fiber laser (A=1.064 pm) and a spot size of 55 um. The
consolidation process is performed under argon atmosphere with an imposed oxygen concentration
lower than 100 ppm during the process. The powder bed feed rate is fixed to 50 um per layer. Parallel
lines using bidirectional vectors are used as scanning direction. All samples consolidated by L-PBF
process are cubes of 10 mm side.

In L-PBF, the processing parameters are usually combined in a volumetric energy density (E)
defined by equation (1):

[2]
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where P is the laser power (W), V is the scan speed (mm.s"), HD is the hatch distance (mm) and t is

layer thickness (mm) [9].

2.3. Analytical techniques

The theoretical densities are measured thanks to a helium pycnometer. The measurement of
apparent density and flowability is performed using the Hall flowmeter funnel according to the ASTM
B212 [10]. Tapped density is quantified with a Densitap ETD-20 from Granuloshop®, which follows the
USP standard. Particles size distributions are determined thanks to a granulometer Partica LA-950
from Horiba®. The morphology of the powder is examined using a JEOL 7000F scanning electron
microscope (SEM). Oxygen content of each powder are measured thanks to the inert gas fusion
method using a Horiba® EMGA 820 AC analyser.

The L-PBF builds are analyzed in the as-grown conditions. The density of each sample is
measured thanks to Archimedes’ method. The measures are repeated twice for each sample.
Specimens are then prepared for optical and SEM observations. Cross-sectional samples are polished
following the standard metallographic procedures with a final polishing step using a 40 nm colloidal
silica suspension in order to reveal the microstructure. SEM images are obtained thanks to a JEOL

7000F field emission gun (FEG) machine operating at 15 kV in backscattered electron (BSE) mode.

3. Results and discussion
3.1. Powder’s comparison

Powder’s characterization refers to the size, shape and surface roughness of particles. All
these characteristics have to be considered in additive manufacturing since they play a significant role
in flowability and packing efficiency. In this section, the most commonly powder characterization
techniques are used in order to highlight the powder’s characteristics, which affect preferentially the
L-PBF processability.

Figure 1 shows SEM images of the four powder batches used in this study. Observations
show that the atomized powders A and A30 are composed by spherical particles, contrary to the milled
powders M and M63. Powder M presents some large particles, which are removed by sieving. Sieving
to 63 um allows to get more uniform sizes of particles and to decrease the median particle size (dso) of
about 12 um, as shown in table 1. The four powder batches do not show oxides on the surface of the
particles.

The particle size distributions, tapped densities and apparent densities of the four different
powder batches evaluated in this study are presented in table 1. Powders M and M63 have
respectively apparent densities of 3.7 and 3.6 g.cm=. No significant difference is observed between
as-milled powder and sieved milled powder. The presence of large particles for powder M has no
influence on the compactness of the powder.

Powder A30 contains only small particles with a diameter lower than 30 um. In spite of the

narrow size distribution of Powder A30, the tapped and apparent densities are relatively high. These

[3]
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both parameters are not influenced by the smaller size distribution of powder particles contrary to the
observations of McGeary and Karapatis [11,12]. They show that sphere diameters with various
diameter ratios and volume compositions allows to better pack when compared with single-sized
spheres (95.1% vs. 62.5% of the theoretical density respectively) [11]. Karapatis et al. show that it is
necessary to have powder with suitable size ratio to improve the density of powder layer. Indeed, fine
particles can fill voids left between coarse particles [12]. Powder A30 is composed by enough fine
particles not to alter the packing efficiency in spite of a narrow size distribution.

The particles of powder A are finer than the particles of powder M. This difference in shape
and size explains the difference in tapped and apparent densities in comparison with Powder M.
Tapped density of powders M63 is lower than the one of powder M, due to their narrower size
distributions.

Powder A and A30 present respectively apparent densities of 4.3 and 4.2 g.cm3. No
significant difference is observed between these powders. Milled powder (M and M63) have apparent
densities inferior to those of atomised powders (A and A30). This result can be explained by the non-
spherical morphology of powder particles and by the lack of fine powder particles (inferior to 40 um) for
milled powders. Voids are left between coarse particles since no fine particles are present to fill the
voids [12,13].

Powders M and M63 have respectively tapped densities of 4.7 and 4.4 g.cm=. The tapped
densities are superior to the apparent densities. The non-spherical morphology of powder particles
does not inhibit the rearrangement of powder particles. Tapped density of powder M63 is lower than
the one of powder M, due to its narrower size distributions [11].

Powders A and A30 present respectively tapped densities of 4.9 and 5.1 g.cm3. These
densities are superior to those of milled powders (M and M63). Figure 2 displays the particle size
distributions in terms of volume fractions for the four different powder batches. It shows that powder A
has a larger amount of fine particles (inferior to 40 um) than milled powders. Sieving milled powder
allows to reduce the presence of large particles. However, sieving does not compensate the lack of
fine particles after milling, which alters the packing efficiency of milled powders.

Powders A and M63 have similar size distribution median particle size. Although the powder
M63 has narrow particle size distribution, this characteristic enables the assessment of the effect of

particle morphology on the L-PBF processability independently of the effect of size.

3.2. Estimation of apparent powder bed densities

A scraper spreads the powder during the L-PBF process. The powder bed apparent density is
a compromise between tapped and apparent density, due to the effect of the scraper on the powder.
Experiments were realised to estimate this powder bed apparent density. The powder is delivered
uniformly on the substrate but only the borders of a cube with known internal dimensions is melted.
After the build, the powder inside the cube is weighted and the apparent density of the powder bed
can be determined, as presented in table 1.

Powders M and M63 have respectively powder bed apparent densities of 4 and 3.8 g.cm?

whereas powders A and A30 present respectively powder bed apparent densities of 4.5 and 4.2

[4]
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g.cm. The four powder bed apparent densities are comprised between the apparent and the tapped
densities of the powders. These results show that the scraper packs the powder but not enough to
compensate the difference in natural packing between spherical and non-spherical powders. Spherical
powders allow to have powder layers with best densities than those obtained with no spherical
powders. Best densities can be expected for L-PBF parts built with powders A and A30. since these
powders have better apparent density than milled powders.

Powder A30 is the only powder to have an apparent density identical to the powder bed
apparent density that means this powder is the only one not to pack by the scraper. Where the finest
particles are put into motion by the scraper, they are probably subject to particles interactions. The
powder particles inferior to 10 pm are indeed the most affected by attractive forces such as Van Der
Waals forces and by agglomeration issues [13].

The dso of powder A30 (26 um) is inferior to the powder layer thickness (50 pm), which also
explains why the scraper does not pack the powder A30. This difference in size allows the spreading
of all the powder particles of powder A30 on the substrate in spite of particles interactions. This
phenomenon explains why the powder bed apparent density of powder A30 is still superior to the
powder bed apparent densities for milled powders (even if the milled powders are slightly packed by
the scraper).

3.3.Comparison of flowability

For L-PBF applications, it is necessary to know how the powder flows when it is spread on the
substrate. Several factors impact the powder flowability such as particle size, shape, cohesive and
frictional interactions, humidity [14]... Table 2 regroups all the data on the flowability performance of
each powder. Engeli et al. compare the processability of different Inconel 738LC powder batches and
use, in particular, the span value to compare the flowability of their different powder batches.

The span value (S) is defined by equation (2):

S = (d9od— dqo) @)
50

The span value measures the width of the size distribution of a powder. The smaller the value the
narrower the distribution [15]. Powder A presents large size distributions, which explain the better
arrangement observed for its particles contrary to those of milled powders (better apparent and tapped
densities).

Sutton et al. present in their study other methods, as the Hausner ratio calculation and Hall
flow test is an indicator to measure the powder flowability [16]. The Hausner ratio is linked to the
flowability. This parameter is defined as the ratio between tapped and apparent densities. Abdullah et
al. reports that powders with Hausner ratio inferior to 1.25 are considered as powders with good
flowability and powders with Hausner ratio superior to 1.4 are considered as cohesive powders [17].

Powders A, A30, M and M63 present respectively Hausner ratio of 1.14; 1.21; 1.27 and 1.22.
Only powder M has a Hausner ratio superior to 1.25, although is very close to 1.25. And all these
powders can be spread on the substrate. Only powder M does not meet this requirement, since its

Hausner ratio is though very close to 1.25.

[5]
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The Hausner ratio of powder A30 is higher than the Hausner ratio of powder A (1.21 vs. 1.14).
This phenomenon is attributed to a higher interparticle interactions for powder A30 since this powder
presents a large amount of fine particles [18].

The Hall flow test is a measure of the amount of time for 50 g of powder to flow through the
Hall flowmeter orifice (2.54 mm in diameter) [19]. Powders M and M63 present respectively Hall flows
of 21 and 18 s/50g. Powder M63 flows quickly than powder M through the Hall flowmeter orifice. This
result is probably linked to the presence of a small amount of particles with a size superior to 100 um
for powder M63, as showed in figure 2. These large particles could partially block the orifice and
increase the Hall flow.

Powder A has a Hall flow of 18 s/50g, which is identical to the one of powder M63. These
powders present the same median particle diameter but powder M63 has a narrower particle size
distribution. Powder with a narrow particles size distribution usually flows better than powder with large
particle size distribution [20].

Powders A and M63 present the same Hall flow, probably due to their similar size
distributions.

Powder A30 does not flow naturally through the Hall flowmeter funnel, probably due to
interparticle interactions (attractive forces, agglomerations, frictions...), which could block the orifice.
As the surface area of a powder increases, the frictional and cohesive interactions frictions increase,
which leads to less efficient flowability of this powder. The gravitational force is often the driving force
to put into motion the powder particles [21]. As the particle diameter decreases, the influence of weight
decreases and others forces such as frictions, agglomerations, Van der Waals interactions should be
considered. Finally, the presence of fine particles (inferior to 10 um) does not encourage the flowability
of a powder.

Another method to compare the flowability of different powders consists in measuring the
avalanche angle made by 100 cm?® of powder contained in a rotating and transparent drum. This
method is used by Spierings et al. to compare the powder flowability of a set of 21 different Fe- and Ni-
based powders [22]. Powders with good flowability are characterized by a low avalanche angle value
[22].

Powders M and M63 have respectively avalanche angles of 36 and 49 °. According to this
indicator, powder M flows better than powder M63. Powder M contains a large amount of coarse
particles (superior to 100 um) as showed in figure 2. These coarse particles are driven by their weights
and encourage a low avalanche angle.

Powders A and A30 present respectively avalanche angles of 33 and 41 °. The flowability of
powder A is driven by its weight rather than the flowability of powder A30 is driven by other forces.
Powder M63 has an avalanche angle 8 ° superior to the one of powder A30. The presence of large
particle for powder M63 should encourage a lower avalanche angle that the one of powder A30. These
results show that the morphology of powder particles also affects the flowability. There is mechanical
interlocking between the non-spherical powder particles, which alters the flowability of powder M63.

The morphology of powder particles play also a role on the flowability.

[6]
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3.4. Influence of powder’s characteristics on density of L-PBF builds

Consolidations by L-PBF process are performed with all the different powders following the
same set of processing parameters. Figure 3 shows the evolution of the density of consolidated L-PBF
samples as a function of energy density.

For energy densities superior to 100 J.mm-3, the densities of parts built with the powders M
and M63 are equal, as showed in figure 3. Removing the largest particles by sieving has a beneficial
effect on the density of final parts only for 90 J.mm-=. For this value of energy density, the finer the
powder, the more dense the parts. Large particles require more energy to be completely melted and
explain the decrease in density for parts made with powder M at 90 J.mm-3,

The use of spherical powders (powders A and A30) leads to the increase in density of the final
parts in comparison with non-spherical powders (powders M and M63) for energy densities inferior to
110 J.mm=3. The finer the powder, the wider the processing range to obtain dense L-PBF parts. This
phenomenon can be explained by the facility to melt fine powder particles. The better packing
efficiencies of powders A and A30 measured previously increase the density of the powder bed and, in
turn, their final parts’ densities.

For energy densities superior to 110 J.mm-3, no difference in terms of size and shape affects
the densities of parts. A large kind of powders can be used in L-PBF process if the process
parameters are choose in accordance with the powder’s characteristics.

The densities of parts built with Powder M63 are higher than those built with Powder M for
energy densities inferior to 180 J.mm-2 (Fig. 3). In the present study, powder M63 and powder A30
have narrow particles size distribution but generate parts with higher densities for the lowest value of
energy densities in comparison with powder M and powder A respectively. Powder M contains
probably not enough small particles to fill voids between coarse particles. It may be possible that
powder M63 allows to get more homogeneous powder bed and consequently more homogeneous
tracks during the laser melting, which improves the final part density.

Powder M presents higher tapped density than powder M63. However, powders M and M63
have similar apparent densities. Since powder M63 generates L-PBF parts with higher densities than
those made with powder M, it can be concluded that the apparent density is the most relevant
parameter to compare L-PBF processability of various powders.

3.5. Influence of powder’s characteristics on microstructure of L-PBF builds

Two kinds of microstructures are obtained with the four powders after L-PBF consolidation, as
seen on figure 4. Columnar grains oriented only along the building direction are obtained for the ODS
Fe-14Cr samples (those made with powders M and M63). Materials made with powders A and A30
present a stirred microstructure composed by columnar grains, not necessary oriented along the
building direction and by equiaxed grains. a stirred microstructure for the Fe-14Cr samples (those
made with Powders A and A30) and columnar grains for the ODS Fe-14Cr samples (those made with
Powders M and M63).

[7]
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Powders A and M63 have similar mean particle diameters but the materials elaborated from these
powders have different microstructures. The size of the powder does not have a significant impact on
the final microstructure. The powder morphology might interfere on the laser-matter interaction.

In order to clarify this point for this study, the powder A was also milled without addition of
reinforcements to give powder AM on figure 5a and b. This experiment allows to investigate both the
effect of the morphology of the powder and the influence of the milling process on the L-PBF
consolidation. Powder AM was sieved at 80 um before consolidation to obtain a median particle
diameter of 82.7 um. This powder has the same chemical composition than powder A and the same
morphology than powder M.

Figure 5¢c shows that L-PBF build made from powder AM has a stirred microstructure as materials
processed with powders A and A30. Consequently, the morphology of the powder does not interferes
significantly on the final microstructure.

Figure 6 shows SEM images on the samples’ microstructure made with powders A, AM and M63,
perpendicular to the building direction. On the Fe-14Cr samples, two kinds of grains are visible: small
grains surrounded by large grains. grains are finer along the borders of tracks and larger inside the
tracks. On the contrary, ODS Fe-14Cr sample presents grains with homogeneous size inside the
tracks.

The grains growth differently between a Fe-14Cr and an ODS Fe-14Cr samples.

The presence of yttrium, titanium and oxygen, leading to the nucleation of Y-Ti-O mixed oxides in the
ODS Fe-14Cr sample, influences significantly the microstructure of solidification. These oxides might
act as stabilizers of the microstructure.

Finally, The last difference, which could explain these differences in terms of microstructure of
solidification, between all these powders is their chemical composition. Powders M and M63 contain
0.3 wt. % yttrium and 0.3 wt. % titanium, contrary to the others powders A and A30. Table 3 compares
the oxygen level in the different powders. Powder M63 has a higher oxygen content in comparison
with the two other powders A and A30 (about 450 ppm). This result could be attributed to the addition
of Y203 and/or contamination during the milling. These differences in terms of chemical composition
could interfere the morphology of the melt pool and thus the grain’s growth. This phenomenon is

discussed in more details in part 4.3.

3.6.Influence of microstructure solidification on mechanical properties

Tensile tests are performed on materials elaborated from powder A (Fe-14Cr) and from powder
M63 (ODS Fe-14Cr). Figure 7 presents the room temperature tensile curves of Fe-14Cr samples and
of ODS Fe-14Cr.

The samples elaborated from powder A at 175 W; 100 mm.s' and 195 um showed ductile
fractures whereas samples elaborated from powder M63 with the same processing parameters
showed brittle fractures. Fe-14Cr samples present a yield strength of 520 MPa and an ultimate tensile
strength of 553 MPa whereas the ODS Fe-14Cr samples have an ultimate tensile strength of 207
MPa. The presence of fine and dispersed uniformly inside the matrix Y-Ti-O particles, studied in a

previous study [2], should increases the tensile properties, as showed in conventional ODS samples

[8]
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(elaborated by extrusion) [23]. However, in this study, the effect of the nano-particles is diminished by
the presence of micrometric inclusions rich in yttrium, titanium and oxygen revealed by fractographic
analysis.

The ODS samples elaborated from powder M63 at 100 W; 50 mm.s" and 100 pm showed ductile
fracture. These materials present a yield strength of 392 MPa and an ultimate tensile strength of 447
MPa. These properties are still inferior to those of Fe-14Cr samples. The transition between brittle and
ductile fracture is linked to the decreases of the size of the inclusions observed on fractographic SEM
images. The use of a low laser power (100 W) is probably the reason explaining the enhancement in
tensile properties since high laser power encourages the formation of micrometric inclusions.

For the elaboration of ODS Fe-14Cr by L-PBF process, the choice of processing parameters has
to be made as function of powder characteristics but also as a function of the precipitation of Y-Ti-O
particles. The processing parameters should allow to obtain dense sample with the minimum (or none)

micrometric inclusions. A decrease in reinforcement ratio could allow better mechanical properties.

4. Discussion
4.1. Selection of flowability indicator

Powder M has an avalanche angle very close to that one of powder A (36 and 33 °). The use
of this unique flowability indicator would lead to the conclusion that powders M and A have Powder A
and powder M present similar avalanche angle, that means these powders should have similar
flowability. However, it was found previously that powder A presents better apparent density, tapped
density and apparent powder bed density Hausner ratio and span value than powder M and
consequently better flowability. The avalanche angle cannot be used as unique flowability indicator.

Powders A30 and M63 present similar Hausner ratio (1.21 and 1.22). However, powder A30
allows to obtain powder layers with best densities than those obtained with powder M63. The use of
this unique indicator to compare the performance of a powder during L-PBF process is not enough.
This conclusion is in agreement with the works of Schulze and Spierings et al. [22,24].

Powder M63 has the same similar Hausner ratio than Powder A30 and similar Hall flow than
Powder M (18 s/50g). Nonetheless, this powder has a higher avalanche angle value than this powder
these both powders. All these data show that the comparison of the powder flowability is complicated
and cannot be related to only one parameter. It is still necessary to define specific requirements for
powders used in L-PBF process, as also explain by Tan et al. [13]. These requirements have to
depend on the size but also on the morphology of the powder particles. The interaction between the
powder and the scraper has also to be considered. Clayton et al. explained that a powder can be
adapted for one use but poor for another application [25]. The powder and the process have to maich
well. They agreed on the fact that only one parameter (Hausner ratio, Hall flowmeter...) cannot
describe the powder flowability correcily.

The morphology of particles has a strong influence on the properties of the final material,
confirming the results obtained by Spierings et al. [26]. The authors manufacture L-PBF samples
employing standard Inconel 625 as well as ODS Inconel 625 powders. Their study shows that the

processing parameters range is much narrow when ODS Inconel 625 powder is used due to its

[9]
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irregular shape. The morphology of the particles does not only affect the flowability but also the laser /
powder interactions. Attar et al. study also the effect of powder particle shape on final properties of Ti-
TiB composite materials [27]. They obtain better density and mechanical properties with the most
spherical powder particles.

Liu et al. showed that powders with different particles size distributions act differently in L-PBF
process [4]. They found that powders with a wide range of distribution size give parts with high
densities under low laser energy densities.

However, Scipioni Bertoli et al. compare the behaviour of a gas atomized powder and a water
atomized powder of 316L [28]. The water-atomized powder is composed by irregularly-shaped
particles whereas the gas atomized powder has spherical particles. Although this difference in shape,
both powders have similar laser absorptivity and give similar track morphology and melt pool

dynamics.

4.2.Role of chemical composition on the solidification microstructure

Previous results discussed before show that the chemical composition of the powder would be
the main factor to explain the difference observed in solidification microstructure. Several authors
observed also that the presence of alloying elements influences the melt pool shape.

Niu and Chang explained that a large thermal gradient is developed between the centre and
edge of the melt pool since a laser beam follows a Gaussian distribution of energy [29]. As the surface
tension is a function of temperature, the existence of this thermal gradient causes a variation of
surface tension between the centre and edge of the melt pool, which induces Marangoni flow. They
explained that For pure iron with low oxygen content, the surface tension decreases when the
temperature increases rather than for iron with high oxygen content, the surface tension increases
when the temperature increases [30]. Material convection in the melt pool depends on the magnitude
of the gradient of surface tension to temperature, according to the Marangoni effect [31]. This
phenomenon creates wide and shallow scan tracks for a low oxygen content and deep and narrow
scan tracks for a high oxygen content.

Niu and Chang compared the behaviour of gas and water atomized high steel powders. The
gas atomized powder contains 200 ppm of oxygen whereas the water atomized powders contain 1000
and 1700 ppm of oxygen. Thanks to its low oxygen level, the gas atomized powder allows the
formation of wide and shallow scan tracks, since the Marangoni flow occurs from the centre to the
edge of the melt pool. In the contrary, water atomised powders, with high oxygen level, lead to the
formation of deep and narrow scan tracks, since the Marangoni flow occurs from the edge to the
centre of the melt pool [29].

Simchi et al. observed also that the presence content of oxygen during the heating and the
melting of iron powders in laser sintering process strongly influences the densification and the
microstructure. The powder with high oxygen content (superior to 0.59 wt. %) leads to the formation of
parts with numerous porosities oriented along the building direction. They attributed these porosities to
the formation of deep and narrow scan tracks [32]. They concluded that an oxide layer on the surface

of powder particles increases significantly the absorption of CO2 laser radiation, as corroborated by

[10]



395

400

405

410

415

420

425

430

Tolochko et al. [33]. They observed also that the presence of oxide particles affects the solidification
and refines the grain structure.

These both studies agree with the fact that the content of oxygen inside a powder influences
the melt pool shape and consequently the grain growth. However the minimal amount of oxygen
needed to change the convection’s direction of Marangoni flow varies between these studies.

On the contrary, Kruth et al. reported that an increase in oxygen content leads to large molten
pools due to exothermal reaction of iron oxidation [34].

On the contrary, Rombouts et al. found that a large amount of oxygen (3 wt. %) inside the
consolidation chamber results in an enlargement of the scan tracks. The oxygen could dissolve in the
liquid metal. The amount of oxygen incorporated inside the iron matrix could exceed the equilibrium
oxygen concentration in liquid iron, which is 0.4 wt. % at 1700 °C. Upon cooling and at oxygen
contents exceeding the maximal dissolved oxygen content, iron oxides are formed by exothermic
reactions. The energy release near the melt pool by theses reactions contributes to the enlargement of
the melt pool if enough energy are released [35].

It is necessary to differentiate the effect of oxygen, which could act as a surfactant and causes
an inversion of the Marangoni flow and the presence of oxygen, which lead to oxides formation. A high
amount of oxygen should produce narrow and deep scan tracks. However, if this oxygen are used to
form oxides, the energy released by theses reactions produces wide and shallow scan tracks.

Rombouts et al. studied also the effect of various elements (Ti, Cu, O, Si, C) on the quality of
L-PBF iron-based parts [35]. They concluded that the presence of deoxidizer elements such as
titanium or silicon leads to a larger molten pool and a higher tendency to balling. The exothermic
formation of oxides and carbides plays an important role on the instability of the molten pool. Similarly,
Engeli et al. found that the silicon content has to be lower than 0.03 wt. % in order to obtain a low
cracking susceptibility in Inconel 738LC [15].

Zhang et al. explained that yttrium has a strong deoxygenation capacity and form oxides
quickly during L-PBF process [36]. In conventional welding, Haoyang et al. indicated that the surface
tension of yttrium is lower than iron, and yttrium transferred into the weld pool decreases the surface
tension of the molten metal [37]. They found that the optimum yttrium content is about 1.125 wt. %. All
these studies revealed that alloying elements have a significant influence on the final microstructure of
L-PBF parts.

In the present study, samples are characterized by high oxygen contents (from 1300 to
1800 ppm depending on their chemical composition). The difference between the measured values is
not significant enough to conclude on a potential impact of oxygen content to explain the difference in
microstructure observed between powders A, AM and M63.

Titanium and yttrium form oxides. Theses exothermic reactions enlarge the melt pool. In
addition, the presence of yttrium encourages the formation of wide scan tracks by decreasing the
surface tension of the liquid metal.

In the present study, titanium and yttrium are added in only a small proportion around 0.3 wt.
%. But these elements act on the microstructure of solidification, even though in low amount, probably

by having an impact on the molten pool flow. It is known that grains grow perpendicularly to the molten
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pool boundary [38]. The results can be explained by the larger molten pool induced by the addition of
yttrium and titanium, which leads to the growth of regular columnar grains along the building direction
(fig. 8b). On the contrary, without the presence of titanium and yttrium, the molten pool is deeper and
grains growth follows several directions, leading to a stirred microstructure (fig. 8a). This hypothesis is
in accordance with the measured of the melt pools realised on ODS Fe-14Cr samples. The width of
melt pool for ODS samples are measured around 300 um and the depth are estimated between 60-70
um. Additional characterizations of the molten pool would be performed in order to validate this

hypothesis.

5. Conclusions

In this work, the influence of powder characteristics in terms of size, shape and chemistry is

studied. The following conclusions can be drawn:

» Spherical powder particles allow to obtain L-PBF builds with higher densities than those made with
non-spherical powder particles.

« Fine powder particles give a broader L-PBF processing parameter range for obtaining dense L-
PBF parts.

* Non-spherical powder can be used in L-PBF process. For energies densities above 110 J.mm3,
the influence of the shape and size on the density of L-PBF builds is significantly reduced.

*  Only one flowability indicator cannot predict the behavior of a powder during L-PBF process.

« Chemical composition of the powder strongly influences the final microstructure of L-PBF parts.
Yttrium and titanium induce the formation of large and shallow molten pools, which lead to the

growth of regular columnar grains along the building direction.
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Table 1: Granulometric analysis and densities of powders A, A30, M and M63.

Powder bed

Density Tapped Apparg nt apparent
Powder dio (um)  dso (um)  doo (Um) 3 density density .

(9.cm?) (@cm?)  (g.cmd) density

' ' (g.cm)
A 32 54 95 7.938 £ 0.003 4.9 4.3 4.5
A30 10 16 26 / 5.1 4.2 4.2

M 49 71 106 7.926 + 0.007 4.7 3.7 4

M63 44 59 81 / 4.4 3.6 3.8



Table 2: Comparison between several flow indicators for powders A, A30, M and M63.

Powder \?532 Hausner ratio I-(I:/Ilsg;\)u Avalam(:?)e angle
A 1.18 1.14 18 33
A30 1 1.21 No flow 41
M 0.80 1.27 21 36
M63 0.66 1.22 18 49




Table 3: Oxygen contents of powders A, AM and M63 measured by inert gas fusion
Powder | O content (ppm)
A 1326 £ 7
AM 1295+ 9
M63 1784 + 22









