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Abstract: In the present work, an approach of freeze-dry pulsated orifice ejection method (FD-
POEM) was utilized to fabricate monodispersed MoSiBTiC-Lay,O3; composite powders for laser
powder bed fusion (L-PBF). The FD-POEM powders were spherically shaped, possessing a narrow
size range and uniform element distribution. As revealed by the single-track and single-layer
experiments, the porous FD-POEM particles were sufficiently fused under laser irradiation, leading
to the generation of continuous laser tracks and low surface roughness layers, which proved a feasible
L-PBF processability of MoSiBTiC-La;O3 powders. Careful microstructural observations confirmed
that the microstructure of the molten pools was primarily composed of Mo solid solution dendrites
reinforced with La;O3 nanoparticles. Consequently, the single MoSiBTiC-La, O3 track had a high
Martens hardness of 3955 HM. The result of this work reveals that the combination of FD-POEM
and L-PBF has a great potential of developing advanced heat-resistant Mo-based alloys with tailored
structures for ultrahigh-temperature applications.

Keywords: laser powder bed fusion (L-PBF); freeze-dry pulsated orifice ejection method (FD-POEM);
MOoSiBTiC alloy; oxide dispersion strengthening

1. Introduction

With the development of the aerospace industries, the working temperature of traditional
alloys has difficulty meeting the demands of the efficiency of gas-turbine engines operating
at higher temperatures [1]. The design of new-generation high-temperature materials with
higher operating temperatures than Ni-based superalloys is imminent [2]. The Mo-5i-B alloys
are regarded as a promising candidate for the ultrahigh-temperature applications because
of their high melting point and excellent high-temperature creep strength [3-5]. Yoshimi
et al. [6] recently proposed a TiC-added Mo-Si-B alloy, namely, a MoSiBTiC alloy with the
composition of 65Mo-55i-10B-10Ti-10C (at.%). The MoSiBTiC alloy has a great application
potential because of its superior creep strength at ultrahigh temperatures, lower density
compared to Ni-based superalloys, and high room-temperature fracture toughness [7,8].
However, the poor oxidation resistance of MoSiBTiC alloys limits their further applications in
the aerospace field [4,9]. Furthermore, the traditional processing routes such as casting and
powder metallurgy [5] are not suitable for complex structures.

The fabrication of an oxide dispersion strengthening (ODS) alloy is considered to be a
promising option to improve the oxidation resistance of MoSiBTiC alloys [10-14]. The oxide
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dispersions can prevent the penetration rate of oxygen atoms and benefit from the spallation
resistance of oxide scales formed on the alloys [10]. The addition of elemental lanthanum into
the Titanium—Zirconium-Molybdenum (TZM) alloy was reported to form tiny lanthanum
oxide particles. Those oxides could effectively block the invasion of oxygen to the matrix
and, thus, improve the oxidation resistance of the La-TZM alloy [11]. Jéhanno et al. [12]
found that Mo-35i-1B alloy with 0.1 wt.% Lap,O3 showed an improved oxidation resistance
at 820 °C and 1300 °C. Burk et al. [13] studied the oxidation behavior of Mo-9Si-8B-LayO3
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alloys at different temperatures. The oxygen diffusion through the silica scale of Mo-95i-8B
alloy can be drastically reduced by the addition of LayO3. Majumdar et al. [14] reported that
La-doping was effective in improving the oxidation resistance of the Mo-95i-8B alloy at higher
temperatures >900 °C. The element La diffused outwards and segregated at the metal/oxide
interface to form La-oxide. However, the study of ODS on the microstructure and oxidation
behavior of Mo-5i-B alloys is limited to traditional manufacturing processes.

Laser powder bed fusion (L-PBF) is one typical technology of the additive manufac-
turing (AM) processes that use a laser beam to selectively melt a preplaced powder and
build up the parts layer by layer [15-17]. Compared with conventional methods, the L-PBF
process can directly manufacture components with complex shapes or structures without
molds. Conventional alloys, such as steel [18] or titanium [19], have proven to be processed
successfully with AM. For instance, Zhou et al. [20] fabricated a novel ceramic layer-coated
316L stainless steel alloy with L-PBF using severely oxidized powders. The mechanical
strength of this alloy was found to be similar to that processed using the virgin powders.
L-PBF is a promising technique for preparing complex-shaped ODS alloy parts.

The feedstock AM powders with excellent properties (e.g., spherical shape, good flowa-
bility or suitable particle size distribution) are in demand to make high-quality L-PBF parts. In
this work, the uniform distribution of oxide nanoparticles in the MoSiBTiC alloy powders is
critical to form high-performance ODS alloys by L-PBF. Generally, the AM powders are mainly
fabricated by the manufacturing approaches of several kinds of atomization such as gas or
plasma atomization, rotating electrode process, and so on [21]. However, these techniques
have limitations in fabricating oxides/alloy composite powders [22-24]. It is challenging to
fabricate uniform composite powders by the atomization technology due to their differences
in density and melting points between the incorporated oxides and the alloy matrix [24].
Therefore, a new approach of fabricating AM composite powders is needed.

Taking La;O3 as one of typical oxide nanoparticles, in this work, a technology of freeze-
dry pulsated orifice ejection method (FD-POEM) was thus put forward to fabricate ODS
composite powders for AM. Guo et al. [25] and Zhou et al. [26] have used the FD-POEM
technique for the successful fabrication of pure molybdenum and MoSiBTiC alloy powders
with a narrow size distribution and a uniform dispersion of component elements. Their
results demonstrated the great processability of the FD-POEM technique in manufacturing
refractory alloy powders. In this study, elemental Mo, MoB, Si, TiC, and Lay,O3 powders were
dispersed in water to prepare a uniform slurry, which was subsequently extruded from an
orifice into liquid nitrogen. Spherical MoSiBTiC-LayO3 powders were subsequently fabricated
after a freeze-drying process. The powder characteristics and the L-PBF processability of the
FD-POEM powders, as well as the microstructure of single MoSiBTiC-La,Os3 layers, were
systematically illustrated. This study may provide a new thought for fabricating ODS alloys
using the combination of powder design and L-PBF techniques.

2. Experimental Section
2.1. Fabrication of MoSiBTiC-La,O3 Powders by FD-POEM

Mo, TiC (A.L.M.T Co., Ltd., Tokyo, Japan), MoB (Japan New Metals Co., Ltd., Osaka,
Japan), Si (Tokyo Printing & Equipment Trading Co., Ltd., Tokyo, Japan), and La,O3
(EMJAPAN Co., Ltd., Tokyo, Japan) powders were used as the raw material powders.
They were weighed according to the nominal composition of the 65Mo-55i-10B-10Ti-10C
(at.%) alloy, whose volume occupies 95% of the total volume of FD-POEM MoSiBTiC-Lay, O3
powder. The detailed FD-POEM process was performed as follows. The elemental powders
were, first, blended in deionized water using mechanical and ultrasonic stirring for more
than 1 h at 273 K to form a uniform slurry with a concentration of 5vol%. Subsequently, the
slurry was provided to the FD-POEM apparatus. The working procedures and principle of
the FD-POEM were interpreted in our previous works [27,28]. The diameter of the orifice
nozzle was 100 um. Finally, the monodispersed spherical MoSiBTiC-5vol% LayOj particles
were obtained via complete freeze-drying for more than 24 h. For comparison, a MoSiBTiC
powder was also fabricated by using the same FD-POEM parameters.
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2.2. Single-Track and Single-Layer Experiments of MoSiBTiC-La,; O3 Powders via L-PBF

The laser melting tests of the FD-POEM MoSiBTiC-La,O3 powders were performed
on Ti substrates using L-PBF. An inhouse L-PBF device using a Yb: YAG fiber laser with a
wavelength of 1070 nm and a maximum power of 22 W (Raycus Fiber Laser Technology
Co., Ltd., Wuhan, China) was used in this work [29]. The laser has a basic transverse
Gaussian mode (TEMy) and a spot diameter of 45 um. A cylindrical Ti substrate with
a diameter ~10 mm was sandblasted and fixed onto the building platform. The whole
process was carried out under an Ar gas atmosphere to prevent oxidation behaviors. The
L-PBF parameters used for single-track and single-layer experiments are shown in Table 1.

Table 1. The L-PBF parameters used in this study.

L-PBF Parameters Values
Laser power, P (W) 20.6
Scanning speed, v (mm-s~1) 10
Hatch distance, h (um) 50,100
Oxygen content <0.5%

2.3. Characterizations

The zeta potential of the La, O3 slurry was tested using a nanoparticle analyzer (SZ-100,
HORIBA, Ltd., Kyoto, Japan). The particle size and distributions of FD-POEM particles
were determined using an optical microscope (OM) (BX51, Olympus Corp., Tokyo, Japan)
equipped with image analysis software (WinROOF, MITANI Corp., Tokyo, Japan). The
microstructure of the FD-POEM particles and single-track specimens was evaluated using
a scanning electron microscope (SEM) (JSM-6010LV, JEOL, Tokyo, Japan) with an energy-
dispersive spectrometer (EDS) under an accelerating voltage of 15kV and a field-emission
SEM (FESEM,; JSM-6500F, JEOL, Tokyo, Japan) under an accelerating voltage of 15kV. The
surface roughness was measured by using a 3D laser scanning microscope (VK-X200 series,
Keyence Corp., Itasca, IL, USA). The phase composition of the powders was confirmed
through X-ray diffraction (XRD, SmartLab, Rigaku Corp., Tokyo, Japan) using a 9 kW
diffractometer with Cu Ko radiation at 45 kV and 200 mA. The mechanical properties of the
polished molten pools were evaluated by using a micron-zone hardness testing machine
(MZT-500, Mitutoyo Corp., Kawasaki, Japan).

3. Results and Discussion

Figure 1 shows the morphology of the raw powders used in this work. The Mo and
TiC powders exhibited a polyhedral shape. The Si powders were lamellar shaped. The
MoB and Lay;O3 powders exhibited an irregular shape. The medium particle sizes, ds,
of the LayO3, Mo, MoB, Si, and TiC powders were determined to be ~0.5, 1.0, 4.3, 0.57,
and 0.67 pum, respectively. In addition, the zeta potential of La;O3 in deionized water was
measured to be +7.8 mV, while the zeta potential values of Mo, Si, MoB, and TiC powders
were smaller than —40 mV. It is well-established that when the absolute value of the zeta
potential exceeds 30 mV, the particle suspension is in a stable state. However, a stable
homogeneous MoSiBTiC-Lay;O3 mixed slurry can still be obtained in the present study.

Figure 2 shows the particle size distributions of the MoSiBTiC-LayO3 and MoSiBTiC
powders fabricated using the FD-POEM. The particle sizes of both powders were dis-
tributed in a range of 50-250 um. The ds( of the MoSiBTiC-La,O3 or MoSiBTiC powders
were determined to be approximately 157 and 153 um, respectively. Insets in Figure 2
present the morphology of a typical MoSiBTiC-La;O3 or MoSiBTiC particle by SEM ob-
servations, respectively. The two kinds of powders exhibited a similarly spherical shape.
The result indicates that the addition of La,O3 particles had an insignificant effect on the
particle size and distribution of the FD-POEM powders, possibly attributing to the good
dispersion and the nanodimension of the used La,Oj3 particles (~200 nm).
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Figure 1. SEM images of the raw (a) La;Os3, (b) Mo, (c) MoB, (d) Si, and (e) TiC powders used in this
work.
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Figure 2. Particle size distributions of the (a) MoSiBTiC-LayO3 and (b) MoSiBTiC powders. Insets
show the SEM images of corresponding FD-POEM particles.

The XRD patterns of MoSiBTiC-La,O3 and MoSiBTiC powders are displayed in
Figure 3. Both powders consisted of Mo, MoB, Si, and TiC phases, corresponding to
the raw elemental particles. However, the diffraction peaks of La,O3 in the FD-POEM
MoSiBTiC-LayO3 powders were not detected. This is possibly due to the low content and
the uniform dispersion of the La;O3 nanoparticles.

The SEM image and EDS mappings of a MoSiBTiC-La,Os particle are displayed
in Figure 4. Typical mesh-like pores were observed on the particle surface. This unique
structure was caused by the solidification of the slurry and sublimation of ice crystals during
the freeze-drying process [28]. As confirmed by the SEM-EDS mappings (see Figure 4b),
elemental Mo, Si, Ti, and La were evenly distributed within the MoSiBTiC-Lay O3 particle,
owing to the uniform dispersion of elemental powders in the slurry mixture.
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Figure 3. XRD patterns of the FD-POEM MoSiBTiC-LayO3; and MoSiBTiC powders.

Figure 4. (a) SEM image and (b) corresponding EDS mappings of an FD-POEM MoSiBTiC-La,O3
particle.

For the popularly used ball-milling process, the oxide nanoparticles were generally
distributed on the surface of MoSiBTiC powders, giving rise to a nonuniform dispersion in a
micron-sized view. Thus, the surface oxides possibly cause the lack of fusion of the metallic
powders under laser irradiation. Moreover, the segregation of oxide phases may occur
within the final ODS builds. Comparatively, the above issues are expected to be effectively
avoided for the L-PBF processing of uniform FD-POEM MoSiBTiC-La;O3 powders.

The research of molten pool geometry and microstructure of single-tracks is important
to understand powder-laser interactions prior to the L-PBF process. Herein, the AM
feasibility of FD-POEM powders was first checked by single-track experiments. The
MoSiBTiC-LayO3 powders were fused when a laser beam traveled a long line, during
which a single solid track was formed. As shown in Figure 5, due to the good flowability of
the spherical FD-POEM particles, continuous single-tracks were formed on the Ti substrate.
The average width of the single-track was determined to be 70 um.
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100 pm

Figure 5. (a) OM image and (b) SEM image of the single-tracks using FD-POEM MoSiBTiC-LayO3
powders.

In addition, unmelted particles were not found in the laser tracks, proving that the L-PBF
processing of FD-POEM MoSiBTiC-Lay,O3 powder is feasible. In general, high laser powers are
required for processing refractory intermetallic or ceramic materials during L-PBE. However,
the MoSiBTiC-LayO3 powders could be sufficiently melted even using a low laser power of
20.6 W in this work. This is likely attributed to the higher laser absorptivity of FD-POEM
powders and the porose architecture consisting of elemental nanoparticles [26].

Single-layer experiments with different hatch distances (HDs) were also carried out.

Figure 5 shows the SEM images of a single MoSiBTiC-La,;O3 layer with 100 pm and
50 um HDs. When the HD was 100 um, two adjacent trackers were not connected due
to the small width of the laser track: ~70 pm (Figure 5). In contrast, when the HD was
decreased to 50 um, two adjacent trackers were overlapped. Lack of fusion phenomenon
was not observed on the layer surface. However, due to the intrinsically brittle nature
of intermetallics and the rapid solidification rate of the L-PBF process (10°~10” K/s) [30],
some thermal cracks (see red arrows in Figure 6a) were detected in the single-layer.

Figure 6. (a) Low-magnification and (b) high-magnification SEM images of the top surface of single
MOoSiBTiC-Lay O3 layer with 50 um HD (Cracks are indicated by red arrows); (c) low-magnification and
(d) high-magnification SEM images of the top surface of single MoSiBTiC-La, O3 layer with 100 pm HD.

Figure 7 shows the 3D surface morphology of a single MoSiBTiC-La,O3 layer with
50 um HD. The surface roughness, Ra, was determined to be 2.6 pm. This low roughness is
primarily due to the good flowability of spherical FD-POEM powders. Increasing powder
flowability is expected to improve homogeneity in the powder beds, contributing to the
quality of final L-PBF builds.
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Figure 7. (a) OM image and (b) corresponding 3D surface morphology of single MoSiBTiC-LayO3
layer with 50 um HD.

Figure 8 presents the cross-sectional morphology of polished single MoSiBTiC-La;O3
layers with 50 um HD. The molten pools with a uniform size were clearly detected. The width
and depth of the molten pools were measured to be 62 pm and 17 pum, respectively. Two
adjacent molten pools were well-connected with an overlap ratio of 19%, agreeing with the
surface observations in Figure 8a. The overlap ratio is one of the important building parame-
ters during AM. Since the HD mainly determines the overlap rate between adjacent tracks, it
will be further optimized for achieving high-quality L-PBF builds in near future [31,32].

Substrate

S
Figure 8. SEM image of the cross-section of polished single MoSiBTiC-La, O3 layer with 50 um HD.

The microstructure evolution of the FD-POEM MoSiBTiC-LayO3; powder during laser
irradiation was illustrated by carefully monitoring a molten pool. Figure 9b,c shows the
high-magnification SEM image and EDS mappings of a molten pool taken from the white
square of Figure 9a. The microstructure of the molten pool is composed of dendritic struc-
tures, which possess fine secondary and tertiary dendrite arms (Figure 9b). According to
the previous results in Ref. [33], the dendritic structures were corresponding to the Mo solid
solution (Moss) phase. Due to the rapid solidification of the L-PBF process, the elemental
Mo, Ti, or Si were dissolved in the Mo matrix for the formation of fine Mogg structures. More
importantly, as confirmed by the corresponding EDS mappings in Figure 9c, the La element
was homogeneously distributed within the molten pool without apparent segregations.
This result suggests the feasibility of fabricating MoSiBTiC alloys reinforced with uniformly
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dispersed LapyO3 nanoparticles with L-PBF. The detailed microstructure of ODS MoSiBTiC
alloy builds will be further investigated by TEM observation.

10 pm

Figure 9. (a) Low-magnification SEM image of the cross-section of a molten pool; (b) high-magnification

SEM image and (c) corresponding EDS mappings taken from the white square in (a).

The mechanical property of a single MoSiBTiC-La,O5 track was evaluated by indentation
tests. Figure 10a shows the typical indentation load—penetration depth curve for a polished
molten pool by using a load of 300 mN. The corresponding indentation print is displayed
in Figure 10b. In this case, the Martens hardness of the MoSiBTiC-La,O3 molten pool was
determined to be 3955 HM. The high hardness should be attributed to the formation of fine
Moss dendrites and the incorporation of well-dispersed La;O3 nanoparticles.
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Figure 10. (a) Indentation load—penetration depth curve for a MoSiBTiC-La, O3 molten pool; (b) OM
image of the corresponding indentation print.

It is proved that FD-POEM is an effective way to manufacture powders with uniform
oxide dispersion, especially in the field of refractory alloys. FD-POEM can fabricate powder
with a controllable particle size and a uniform composition distribution without traditional
melting processes. Hence, further investigations on the microstructure and mechanical
properties of novel MoSiBTiC-La;Oj3 alloy builds made from FD-POEM powders will be
carried out in the near future.

4. Conclusions
The main conclusions of this work are summarized as follows:

(1) Monodispersed spherical MoSiBTiC-La,O3; powders were successfully fabricated by
a developed FD-POEM method. Raw Mo, MoB, Si, TiC, and La;O3 were uniformly
dispersed within the FD-POEM powder. Moreover, the addition of nanoscale LayO3
powder has an insignificant effect on the particle sizes of fabricated FD-POEM powders.

(2) Single-track experiments of the MoSiBTiC-La,O3 powder revealed that continuous
tracks were generated on the substrate, and two adjacent tracks were well-connected
by using a 50 um HD. Lack of fusion was not observed during the single-layer
experiments. Moreover, the MoSiBTiC-La;Oj3 layer exhibited a low surface roughness
of 2.6 um, suggesting a feasible AM processability.

(3) The microstructure of a molten pool was primarily composed of Moss dendrites
reinforced with La;O3 nanoparticles. Consequently, the MoSiBTiC-LayOs track had
a high Martens hardness of 3955 HM. This work may provide new insights into the
design of high-performance ODS alloys for ultrahigh-temperature applications using
a combination of the FD-POEM method and the L-PBF process.
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