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ABSTRACT

The enriched '“Mo target, denoted as aMo, that Northstar Medical Radioisotopes is developing to
produce *’Mo from an accelerator-based method is a disk-type geometry with a 0.5-0.715 mm thickness
and a 29 mm outer diameter. A press and sinter method was adopted to fabricate these samples from aMo
powder feedstock. Inherent porosity from the press and sinter method makes the disks more easily
dissolvable during Mo postprocessing. However, the disk-type geometry will be subject to thermal
stresses due to temperature variations once the geometry is in line with the accelerated electron beam,
causing warping and possible failure. Additive manufacturing (AM) processes such as laser powder bed
fusion (LPBF) enable the manufacturing of custom, complex geometries that may otherwise be difficult
to produce with more conventional methods (e.g., press and sinter approach). Therefore, the National
Nuclear Security Administration’s Molybdenum-99 Program invested in developing an AM facility
dedicated to processing and printing refractory powders. This report details the LPBF process, how
irregular refractory powder can be prepared for LPBF, and the equipment that is available to support the
program.



1. BACKGROUND

1.1 MOLYBDENUM-99 ACCELERATOR PRODUCTION

Northstar Medical Radioisotopes (hereafter referred to as Northstar) is developing an accelerator-based
method for producing **Mo, a parent isotope of *™Tc. *™Tc is used for medical imaging purposes. An
enriched '"’Mo target, denoted as aMo, can be synthesized with a typical enriched U fission reactor. aMo
is a stable isotope of Mo and is not radioactive. To remove a neutron from the aMo atom and reduce it to
%Mo, the targets will be directed inline of an accelerated electron beam. The current geometry of the
target is a 29 mm diameter disk with a thickness of 0.5-0.715 mm. aMo and any other Mo isotope,
including pure "'Mo, starts as a powder feedstock because of Mo’s high melting temperature (~2600 °C).
As aresult, a press and sinter method was adopted to manufacture the aMo targets. Through the funding
provided by the National Nuclear Security Administration (NNSA), Oak Ridge National Laboratory
(ORNL) helped developed and fabricate aMo targets for Northstar.

Previous work was performed to optimize the press and sinter method by evaluating different pressing
pressures and sinter times using pure Mo powder as a surrogate, as documented in previous reports [1].
The press and sinter method results in inherent porosity that is difficult to minimize without subsequent
working, such as hot rolling or extrusion, typically performed to manufacture dense "*Mo into a wrought
form. Dissolution of the target postexposure will be performed in an acidic media, such as peroxide,
which can then subsequently be used in the generators used to make ***Tc. Any additional surface area
created by the pores or voids in the target accelerates the time to dissolution [2, 3]. However, these pores
or voids could hinder mechanical performance.

Exposing the disk to the accelerator will cause high-temperature gradients throughout the disk. These
disks will be grouped in stacks of 60 and exposed to the accelerator for up to 6 days [4, 5]. Helium will be
used as a coolant and jetted in between the front and back face of disk. The center of the disk where the
electron beam will be focused is expected to reach ~1000 °C, hundreds of degrees hotter than near the
edges of the disk. Therefore, the disk could warp, which could cause target failure and possibly cascading
failure throughout the 60 disk stack [6, 7]. As an alternative to the press and sinter method, advanced
manufacturing techniques such as additive manufacturing (AM) can be used to design a target geometry
with an optimized shape that can withstand the thermal environment and any mechanical stresses [8].
Moreover, AM can be used to engineer porosity for increased dissolution, similar to what is expected
from the press and sinter approach. This report details the AM capabilities at ORNL as part of an NNSA
investment to fabricate ™Mo and aMo disks from feedstock powder.

1.2 ADDITIVE MANUFACTURING

Most metal AM processes are performed layer by layer, meaning that material is locally deposited,
melted, or welding together in a repetitive process to form a part [9]. The most common AM methods
include melting strategies, such as powder bed fusion (PBF) and direct energy deposition (DED) [9]. PBF
is commonly used because it is relatively easy to perform. PBF also generally has better geometric
resolution than DED because PBF can handle smaller particle sizes of <50 um, whereas DED requires
larger powder sizes of >50-300 pm [9]. In PBF, a powder bed is selectively melted by either an electron
beam or laser source. Electron-beam PBF can fabricate components faster, but the surface quality is often
not adequate and requires postprocessing to clean the surface. Laser PBF (LPBF) is slower, but the
surface roughness on parts is much finer and can be reduced to only a few microns. LPBF has been used
to process a wide variety of materials, including stainless steels, Ni-based superalloys, Al alloys, Mg
alloys, and even Mo alloys [9-13].



Figure 1 provides a schematic of a typical LPBF process. Powder is fed into the system—in this case,
through a powder well—and a wiper is used to push and spread the powder over the build plate; the build
plate is used as the starting substrate. The build plate is mounted on an elevator platform that will
continually move down incrementally during the build, holding the part and the powder bed in the
elevator shaft. After each subsequent laser scan, the build platform will move down, new powder will be
raked across, and the process will continue until the build is done. The elevator can then be returned to the
top, the powder recycled, and the component extracted from the build chamber.

Build Plate

Figure 1. Schematic of the LPBF process.



2. EXPERIMENTAL FACILTIES

2.1 POWDER PRODUCTION

Molybdenum is typically processed from a powder form because of its high melting temperature, which
makes it attractive for powder-based AM methods such as LPBF. To break down larger pieces or ingots,
Mo is often subjected to milling operations that create a powder with irregular geometries, as shown in
Figure 2(a). For press and sinter methods or hot rolling operations, the irregular powder geometry may
assist in compaction and thus may not be a concern for these processes. However, irregular powder is
often not free flowing, which is critical for LPBF. Moreover, irregular particles may not melt effectively
during the local melting of LPBF, which could cause large voids or pores to form during a component
build. Spherical powder provides the best flowability and enables a more uniform melting.



Figure 2. SEM images of (a) as-received, (b) spray-dried, and (c) plasma-spherodized pure Mo powder.



The NNSA and ORNL have invested in helping process the as-received Mo powder—whether it be pure
NaMo or enriched aMo powder—to make it an optimal for processing for LPBF. Pure ™Mo is not
commonly found in nature as the sulfide ore, molybdenite (MoS;). Molybdenite is typically oxidized to
make MoQ; and then purified by sublimation. The purified MoO3 is commonly converted to metal though
a twostep hydrogen reduction with the final step occurring at in the 1050 °C range. Ammonia based
processing can also be used to convert MoOj3 to (NH4)sM07024, otherwise known as ammonium
heptamolybdate (AHM). The MoO; produced from AHM is first reduced under low-temperature
conditions (550-750°C) due to the low melting temperature (795°C) by flowing H; into the furnace
atmosphere, leaving behind MoO,, which has a higher melting temperature. The MoO- can then be further
reduced at higher temperatures (~1,100°C), leaving pure Mo. Powder agglomeration will occur during
heating to high temperature. Ball milling can be employed to break up the powder produced by either
method, however, the resulting particle geometry will be irregular.

Alternatively, the agglomerated powder can be processed using the Niro spray dryer shown in

Figure 3(a). The agglomerated powder is usually mixed with a binder, which can be as simple as choosing
a solvent such as methanol. Spray dryers are designed with an atomizer that disperses the slurry through a
nozzle. Hot gas is jetted from the sides of the nozzle, which will break up the powder particles, typically
leaving a spherical geometry with particle size ranges of 50-300 um. An example of spray-dried Mo
powder is shown in Figure 2(b). Although these particles are spherical, the powder size is not optimal for
LPBF. Moreover, depending on the material, the particles may have a porous structure, which could
hinder densification during the laser-melting process.



Figure 3. (a) The Niro spray dryer and (b) Tekna plasma spherodization systems located at ORNL.

Once the powder is no longer agglomerated, it can be spherodized with the Tekna TekNano-15 plasma
spherodization system shown in Figure 3(b). The Tekna will feed powder particles one by one through a
nozzle that flows into a chamber, exposing them to a plasma. During exposure to the plasma, the powder
particles will melt, excess chemical species such as O or N will be carried away, and the particle will
resolidify as a solid sphere because of surface tension held through the circulation of a feeder gas. The
resulting morphology of Mo powder after spherodization is shown in Figure 2(c). Spherodized powder
can then be fed into an LPBF system and easily processed because spherical powder is free-flowing and
easily spreadable.

2.2 LASER POWDER BED FUSION

LPBF was chosen because it uses a powder feedstock, yields a high geometric resolution (<200 pm), and
can be easily performed with different materials. A Renishaw AM250, shown in Figure 4(a), was chosen
for the ®Mo project because it comes with a reduced build volume (RBV) insert, shown in Figure 4(b).
The main powder silo for the Renishaw to use its full build volume of 250 x 250 x 250 mm requires a
minimum of ~2 L of powder. Using the RBV, only ~250 mL are needed to perform successful builds,
which may be important for handling small batches of powder that may be costly to acquire, such as that
for aMo. However, the build volume is reduced to 78 x 78 x 78 mm, but it is still large enough to
fabricate the 29 mm outer diameter targets. Multiple geometries and components based on complex



designs were fabricated from pure Mo powder using the Renishaw AM250 and RBV, and a selected few
are shown in Figure 4(c).

-(a)‘ 1! /

RENISHAW

10

Figure 4. The (a) Renishaw AM250 LPBF system and its (b) RBV setup installed in the build chamber;
(c) Different geometries printed from pure Mo powder based on design work from
the Molybdenum-99 Program.

For processing of Mo or other refractories, the Renishaw AM250 was retrofitted with a 400 W Yb-fiber
pulsed laser. For LPBF processing of commercial Fe- and Ni-based alloys, optimum laser powers <200 W
are often used because these alloys have a low melting temperature compared with Mo. The higher laser
power on this machine is expected to overcome the higher melting temperature of refractory materials.
Moreover, the laser spot size of the Renishaw is ~130 pm, which was chosen over the more common

~70 pm spot size more commonly seen in commercial machines to try to reduce thermal stresses that may
cause the Mo to crack.

Besides the laser source, any desired gas can be flown into the chamber to help control the solidification
and build quality. Inert gases such as Ar are the most common for trying to reduce the O, content below
2,000 ppm. Refractory metals often have a higher affinity for O, at higher temperatures and therefore may



oxidize during the LPBF process when using only Ar. Therefore, a mix 2% H,-Ar mix was found to help
minimize oxidation during the building.

Many different parameters can be varied in the Renishaw, but the most common include the incoming
laser power, the raster scan speed of the laser (in the case for a pulsed laser, this is represented by the
jumping point distance and dwell time at each point), the distance between consecutive scans (i.e., hatch
spacing), and the powder layer thickness. These parameters are often normalized with the laser energy
density (ED) and expressed as:

Laser Power

ED = (D

Point Distance

Dwell Time XHatch SpacingxLayer Thickness

Although the ED is reliant on only five parameters, multiple variations are possible in the macro- and
microstructure of the formed part. These variations can include defects such as cracks and pores, as well
as anomalous grain growth, which will affect mechanical and thermal performance. Parametric studies are
often performed to map out the defect evolution for a given material. Simple geometries such as cubes
can be printed with multiple cubes in one build. If, for example, the cubes are built in an array such as the
one shown in Figure 5(a), then one cube will be processed with all parameters held constant, except for
one that can be incrementally varied between each cube in a row. Thus, multiple rows of cubes can be
fabricated with varying parameters, as shown in Figure 5(b). Afterward, these cubes can be subjected to
macro- and microstructural characterization.
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Figure 5. Examples of processing parametric studies performed by (a) printing simple cubic geometries in
which (b) the LPBF parameters can be easily varied between each cube. The cubes can then be subjected
to density and macrostructural investigations to map out the evolution of defects and determine
where the optimum parameters near full density can be achieved.

Often, LPBF parameters with near-full density are most desired, so the density of the cube samples is
measured by immersion density, x-ray tomography, optical analysis, or a pycnometer. A curve such as the
one shown in Figure 5(c) can then be generated, which typically follows a common behavior in which
using lower ED will result in irregular pores due to a lack of fusion [14, 15]. There will be some middle
ground in laser energy in which near-full density can be achieved, but as the laser energy continues to
increase past the optimum region, more keyholes will be created, and boiling of the melt will occur,
producing spherical pores [14, 15].

2.3 MATERIALS CHARACTERIZATION

ORNL has a strong background in materials characterization. Multiple facilities are outfitted with light
and electron microscopes, x-ray diffraction, mechanical tensile/compressive testing, and so on. Two
unique capabilities acquired specifically for analyzing AM components include the Malvern Panalytical
particle microscope shown in Figure 6(a) and the UES Robo-Met serial sectioning unit shown in

Figure 6(b).



Figure 6. Characterization equipment includes (a) the Malvern Panalytical particle analyzer and
(b) the UES Robo-Met serial sectioning unit.

The Malvern microscope can image and count thousands of particles per minute. Individual images are
taken of each of particle to analyze the morphology and overall size. Many statistics such as average
particle size distribution, average circularity, and closeness to a perfect circle can be determined.

The UES Robo-Met instrument includes a sample polishing setup on the right and a light microscope on
the left. The unit has a robotic arm that can hold a mounted sample, polish it on the right side to some
user specification, and subsequently image the sample. This can be performed repetitively to create a 3D
profile of the sample.



3. LASER POWDER BED FUSION PROCESSING OF REFRACTORY ALLOYS

Structural materials used in the nuclear industry usually include Fe-based steels and Ni-based superalloys.
Although Fe- and Ni-based alloys have high strength retention during operation at high temperatures,
these structural materials could be exposed to heavy heat loads, such as the plasma in fusion reactors or
radiating particles in fission reactors. Refractory metals such as Mo, Ta, and W are considered for use in
armors because of their high density, high melting temperature, and good resistance to radiating particles
[16-19]. Because of their high melting temperatures, refractory metals are often produced via powder
metallurgy processes, such as high-temperature sintering, spark plasma sintering, and hot isostatic
pressing [20]. However, producing bulk amounts of these metals remains difficult, as does machining to
specific tolerances and geometric specifications. Many designs in fusion reactors often include complex
shapes and bends that would be impossible to fabricate with conventional powder metallurgy processes
[21, 22].

Recent progress in AM processing of metal powders has demonstrated high potential for future
processing of metallic alloys toward producing customized geometries of unique design [9, 22]. In
particular, LPBF is a rapid production AM process that uses a laser source to selectively melt regions of a
powder bed, yielding dense, complex geometries fabricated to near-net shape [9]. Despite increasing
interest and research in LPBF-processed refractory metals and alloys, it remains challenging because of
the formation of defects, such as pores and cracks. Certain refractory metals—such as Nb, Mo, and Ta—
have demonstrated being crack-free when processed by LPBF, except with some porosity. However, the
processing window is extremely narrow, leaving little versatility for heat input variability [23, 24]. For
other refractory metals, such as W, no reproducible results with crack-free parts have been reported when
processed by LPBF [25-27].

Unlike W, Mo can be printed without cracks, given a certain processing window. Faidel et al. [12] was
one of the first reports on the AM processing of Mo powder. Using a lower laser power of 200 W, the
maximum limit of the laser used in Faidel et al. [12], the researchers printed small cubic geometries with
high ED using small hatch spacings of 10 and 20 um. The researchers also varied powder layer thickness
between 25 and 45 pm over a wide scan speed range of 139 to 2,224 mm/s. The powder particle size
distribution was 10—45 um, which was within the geometric constraints of the hatch spacing and layer
thickness. Choosing geometric parameters larger or smaller than the average particle size will lead to
different types of defect formation. Moreover, with a low laser power of 200 W, increasing the ED
required compensation from the other parameters because laser power could not be increased simply. The
ED range in Faidel et al. [12] was 120-1,066 J/mm?, whereas a typical ED for processing lower melting
temperature alloys, such as Al- and Fe-based alloys, is usually <100 J/mm®. However, the researchers
observed excessive porosity in the cubic sample’s cross sections, reporting nothing above 85% dense,
although they did not report any cracking.

In Wang et al. [22], the authors suggested that powder quality was of the utmost importance for
densification of LPBF-processed Mo. The authors acquired previously milled powder with irregular
geometries that was subsequently spray-dried and plasma-spherodized (Figure 2). The resulting spherical
powder appeared to be clean and free flowing but had a noticeably larger size distribution than the as-
received milled powder. A Renishaw unit similar to the one in Figure 4 with a 400 W laser was used to
perform the LPBF processing parametric study and focused on high EDs (i.e., 600-1,200 J/mm?).
Minimal porosity (i.e., <1%) was reported, but cracking was found in multiple samples. The authors
proposed that the powder bed should be preheated to help reduce the cooling rate and avoid the ductile to
brittle transition temperature of Mo which is approximately 200 °C for small grained, recrystallized Mo.
Preheating was later performed in electron beam—based PBF, which resulted in near-net density and no
solidification cracking [28-30].



In Bajaj et al. [31], the study showed that cracking could be eliminated with the correct processing
parameters, but the authors did not report near-full density with the parameters investigated. In

Braun et al. [32], the authors also reported on investigations of LPBF of pure Mo and reported that O
content from the pre-alloyed powders would remain in the solidifying structure during LPBF, acting as a
crack initiation site. The authors later investigated an Mo-based alloys, titanium-zirconium-molybdenum
(TZM) (<1 wt % of Ti, Zr, and C in Mo) and successfully printed dense, crack-free material [33]. The
authors attributed the success of printing TZM to the presence of C. Later reports showed that adding C
greatly helps solidify Mo in LPBF with consistent and repeatable results [34-36].

Higashi et al. [37] and Rebesan et al. [13] revisited the solidification of Mo by LPBF, and the authors
determined that microstructure was highly dependent on the LPBF processing parameters. Resulting
microstructures may easily influence the crack initiation and propagation. For example, long columnar
grains are often observed along the build direction in LPBF-processed parts from Al, Fe, Ni, and Ti
feedstocks [38-40]. Similar cracking phenomenon have been reported in certain alloys, observing that the
cracks run along the grain boundaries of these long columnar grains. Therefore, similar influences may
play a role in the solidification of Mo with LPBF.

For preliminary investigations, spherical pure Mo powder was acquired from Tekna and processed with
the Renishaw AM250 (Figure 4[a]) using the RBV (Figure 4[b]). Using low (200 W) and high (400 W)
laser powers, the hatch spacings at each laser power were set to 40 and 80 wm, respectively, to achieve
the same ED. Multiple cubic samples were processed over varying scan speeds, and an example build is
shown in Figure 5(a). After printing, the samples were removed from the build plate and density-
evaluated with immersion density. The resulting densities are shown in Figure 7. The lower laser power
of 200 W clearly underperformed compared with the high laser power of 400 W, even though ED was
kept constant. This was similar to what was first observed in Faidel et al. [12]. The highest density
observed from the immersion density measurements was >98% dense.
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Figure 7. Density as a function of ED for pure Mo printed at low (200 W) and high (400 W) laser power.



An optical cross section image of a Mo sample is shown in Figure 8. Porosity can be minimized without
solidification cracking. The parameters were not investigated thoroughly, meaning it is possible to
achieve >99% density with further tailoring of the parameters. However, the authors of the present study
were able to verify that Mo powder can be easily processed with LPBF on the Renishaw AM250 at
ORNL. Moreover, the porosity is uniform with a high degree of open porosity that was reported to help
increase the dissolution [2]. Effectively, an AM disk dissolved faster than a press and sinter disk in the
same solution [2]. Subsequent builds can expand on the simple geometries and print more complex
geometries relevant to the Molybdenum-99 Program, such as those shown in Figure 4(c).
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Figure 8. Optical image of the cross section of a Mo sample with respect to the build direction.



4. SUMMARY

AM processes such as LPBF can be used to fabricated custom-designed, complex components from
powder feedstock. Because refractory metals have a high melting temperature, they are typically
produced from a powder source via multiple processes, such as press and sinter, hot rolling, and hot
extrusion. Northstar’s aMo target was designed based on a disk-type geometry that can be easily and
efficiently fabricated from the press and sinter method. However, because of thermal stresses that will
occur once the accelerated electron beam interacts with the target, the disk might warp and could cause
part failure. Therefore, if a target with a geometry optimized to handle the thermal stresses could be
designed, then LPBF would be a potential route for manufacturing these complex targets. Through
NNSA’s Molybdenum-99 Program, significant investments were made to develop a facility at ORNL that
can process pure Mo and aMo powder with emphasis on LPBF. At this AM facility, the as-received aMo
powder can be processed with a spray-drying and/or plasma spherodization system to make the powders a
more optimal geometry for LPBF. Subsequently, the powders can be fed into an LPBF system and easily
processed with different microstructures and engineered porosity, which are critical for increased
dissolution in the postprocessing steps after accelerator time. More AM and LPBF can be leveraged to
produce more complex targets with more optimal geometries designed to withstand the thermos-
mechanical environment in the accelerator beam.
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