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ABSTRACT

NorthStar is developing an accelerator-based technology to produce the medical isotope M0-99. A
previous ORNL report (ORNL/SPR-2022/2490) studied the oxidation behavior of Mo in flowing He with
low oxygen content at 800°C and 1000°C and it was shown that an O, concentration lower than ~5ppm
(ul/1) is required to achieve acceptable oxidation rates for wrought or powder metallurgy (PM) Mo.
Oxidation may also impact the mechanical properties of Mo and this report summarizes tensile results at
room temperature on wrought and PM Mo before and after exposure at 1000°C in flowing He with O,
concentration varying from 1 to 15 ppm O. It was found that oxidation at 1000 °C results in a significant
decrease of Mo strength and ductility with brittle intergranular fracture surfaces, likely due to the
segregation of oxygen at grain boundaries. For the PM Mo material, the decrease in strength and ductility
was also observed after annealing in vacuum at 1000 °C, indicating that the diffusion of the oxygen
trapped in the material pores to grain boundaries after 20-100 h at 1000 °C is sufficient to embrittle the
material. Finally, initial results on actual aMo and high-density disks provided by NorthStar revealed the
lack of ductility of the materials due to the specific disk microstructure.

1. INTRODUCTION

Molybdenum-99 is a key isotope for a broad range of diagnostic procedures, but the isotope supply
depends on foreign countries and current production method requires nuclear reactors. The NNSA’s Mo-
99 program is focused on the domestic production of Mo-99 using methods that do not require highly
enriched uranium, such as NorthStar’s electron-beam accelerator. In the accelerator, thin Mo-100 targets
~linch in diameter will be exposed for a week to a high energy electron beam to produce Mo-99. The
targets will be cooled by a Helium gas flowing at a rate superior to 50m/s but the targets will still be
exposed to temperatures ranging from ~200 °C at the edges to 1000 °C in the center'. A previous report
focused on the impact of low O, concentration in the He gas at 800 °C and 1000 °C on the oxidation
behavior of both sheet and powder metallurgy Mo”. It was found that concentration as low as 15 ppm O,
in an He gas flowing at 1 m/s can result in significant mass losses after 20 to 100 h at 1000 °C due to the
growth and volatilization of an Mo oxide scale. Significant redeposition of the volatilized Mo oxide was
also observed in colder areas of the furnace, which could also be a significant concern for the accelerator.
Decreasing the oxygen concentration to less than 5 ppm by using high purity He drastically reduced the
oxidation kinetics and resulted in either very low mass losses or mass gains.

Another potential issue to be addressed is the Mo target embrittlement due to high temperature oxidation.
Liu et al.* conducted oxidation testing on 0.51 mm thick Mo sheet at 1150 °C in low pressure oxygen (1.3
mPa) for durations ranging from 100 h to 612 h and they observed a significant increase of the Mo sheet
ductile to brittle transition temperature (DBTT), from slightly below room temperature* to ~200 °C.
Contrary to many other refractory alloys such as Ta, Zr or Nb, the oxygen solubility in Mo is very low,
less than 1 ppm®, but segregation of oxygen at grain boundary can lead to significant grain boundary
embrittlement °. Carbon is also known to segregate at grain boundaries and might hinder the effect of
oxygen’®. Even for Mo material with very low level of impurities, several researchers have demonstrated
the intrinsic nature of some Mo grain boundaries depending on the grains misorientation angle *'°. To
assess Mo target embrittlement, small scale dog bone tensile specimens made of sheet and powder
metallurgy Mo alloys were exposed in vacuum and flowing He with O, concentration varying from 0.5 to
5 ppm O; for 5 h to 100 h.



2. EXPERIMENTAL PROCEDURE

2.1 Materials

Most of the tests were conducted on either a wrought Mo sheet, 0.5 mm thick, or powder metallurgy (PM)
thin plates, 0.8 mm thick. The wrought Mo sheet with 99.9% purity was purchased from Goodfellow in
the annealed stress-relieved condition. The microstructure of the sheet material is shown in Figure 1a.
Small grains were observed, ~1um in size, with slightly elongated grains along the rolling direction and a
very limited number of very small defects. One inch dog-bone type specimens similar to the one shown in
Figure 1c were machined parallel and perpendicular to the rolling direction.

The PM Mo plates, fabricated from H. C. Starck spray-dried molybdenum powder with 99.9% purity,
were sintered at 1600 °C for 4 h with an applied stress of 775 MPa and with the addition of 0.5 wt% of
ethylenebisstearimide (EBS) as lubricant. The dimensions of the sintered plates were approximately 44
mmx 24.6 mm x 0.8mm and the measured density was 87 to 89 % compared to the theoretical density
value. The resulting microstructure is presented in Figure 1b and 1g showing ~20pum equiaxed grains and
the presence of voids, ~0.5 to Sum in size (black arrows), in the grain and at grain boundaries. Small SS3-
type dog bone specimens were machined along the plates width and examples are given in the as
fabricated condition (Fig. 1d), or after annealing for 20 h at 1000 °C in vacuum (Fig. le) or flowing UHP
He (Fig. 1f) . The SS3 specimens were slightly smaller compared to the specimens machined from the Mo
sheet to maximize the number of specimens per plate.

SS3 tensile specimens were also machined from high density (HD) and enriched aMo disks provided by
Northstar. Figure 2 shows that three specimens were machined per disk with two of the specimens
exhibiting rounded corners in the specimen head, which was not considered as an issue since the
specimens are shoulder-loaded during tensile testing. One aMo tensile specimen cracked during
machining in one of the specimen heads but the specimen failed in the gage section during tensile testing.
For the HD disk, machining was performed using either electro discharge machining (EDM) or water
jetting (W1J) to assess the potential impact of machining process on the HD Mo tensile properties. For all
the EDM specimens, the gage section width was repolished to remove the EDM affected zone. All the
tensile specimens were cleaned in ethanol and methanol prior to testing and dimensions were measured
using both a Keyence 3D microscope and a caliper.

Finally, cross-section optical micrographs of the Mo disks are shown in Figure 4. A quite high density of
pores homogeneously distributed, ~Sum in size, was observed for the aMo disk. On the contrary, the
distribution of voids was quite inhomogeneous in the HD disks with the presence of larger defects,
~20um in size.



Figure 1: a) BSE-SEM micrographs showing the grain structure of the 0.5 mm sheet, b) and g) Optical

and BSE-SEM micrographs showing the microstructure of the PMS50 Mo material, c) optical top view

image dog bone tensile specimens, d)-f) Optical top-view image SS3-type specimens, d) as machined, e)
after 20 h at 1000 °C in vacuum, f) after 20 h at 1000 °C in flowing UHP He

Figure 2: Top view optical images of SS3 tensile specimens machined from a) an aMo disk, b) a HD Mo
disk
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Figure 3: Cross-section optical micrographs of as received material, a) aMo disk, b) HD Mo disk

2.2 Ogxidation testing

As can be seen in Figure 4, oxidation testing was conducted at 1000 °C in a quartz tube inserted in a
calibrated three-zone furnace. Glass to metal seals were welded to the quartz tube and vacuum grade
copper seals (Fig. 3¢) were used to avoid oxygen ingress and control the oxygen content at very low ppm
levels. GE oxy.IQ oxygen sensors were used to measure the oxygen concentration at the inlet and outlet
of the oxidation rigs. An alumina tube with a 6.3mm internal diameter was inserted in the quartz tube and
connected to the gas inlet to reach a gas velocity of ~1m/s with a flow rate 500 cm® /min (Fig. 3b). A thin
slot in the alumina tube allowed insertion of a dog bone specimen. For the smaller SS3 specimen, a 1 mm
hole was machined in one of the head of the specimen and in the alumina tube allowing the use a thin Pt
wire to pin the specimen. The oxygen content in the He gas was controlled using high purity (HP) and
ultra-high purity (UHP) He cylinders with maximum O, concentration of 5 ppm and 1 ppm, respectively.
Pre-mixed He certified gases were also purchased with 1 ppm, 5 ppm or 15 ppm O,. An identical
oxidation rig was slightly modified to conduct exposure in vacuum using a rougher pump with a vacuum
of ~107 torr. Further details on the development of the oxidation rigs can be found on the report focused
on the oxidation behavior of the Mo alloys.

2.3 Tensile Testing
Tensile testing was carried out at room temperature using an Instron electro-mechanical machine.

Extensometers could not be attached to the SS3-type specimens, so the specimen deformation was estimated
using the crosshead displacement with a displacement rate corresponding to a strain rate of ~10~ s™'. A pre-



load of ~20 Ibs was typically used to align the specimens with the load train which resulted in the failure
of a few oxidized specimens before testing as will be discussed later.

Mo Tensile specimen | Copper gasket
b' I— ; E

Figure 4: a) Oxidation testing rig, vacuum and flowing He with 1 to 15 ppm O., alumina tube inserted in
the quartz tube to accelerate He gas velocity, c) Glass to metal seals welded to the quartz tube and
vacuum grade copper gasket

2.4 Specimen characterization

As fabricated materials were cut using a low-speed saw, mounted in epoxy, and polished using colloidal
silica for the final polishing step. Optical and scanning electron microscopy (SEM) images were acquired
using a Zeiss optical light microscope and a Tescan Mira3 SEM, respectively. Fracture surface analysis
of the specimens after tensile testing was conducted using an Hitachi 4800 SEM equipped with an energy
dispersive X-ray spectroscopy (EDS) detector for chemical analysis.

3. RESULTS AND DISCUSSION

3.1 Wrought Mo sheet

Table 1 and Figure 5 summarize all the tensile tests conducted at room temperature on the 0.5 mm Mo
sheet in the as fabricated condition and after exposure at 1000 °C in various atmospheres. As can be seen
in Figure 4a, the strain is overestimated in the elastic portion of the tensile curves due to the compliance
of the tensile machine. For this reason, strain or ductility at rupture in this report refers to the total plastic
deformation. It is worth noting that for all the specimens no uniform elongation was observed, with most
of the strain being therefore related to specimen necking. The yield strain and ultimate tensile strength
(UTS) are, therefore, quite similar. For the as fabricated specimens, testing along the rolling direction
resulted in slightly higher ductility and lower yield strength compared to specimens tested perpendicular
to the rolling direction (Fig. 4b and 4c). This difference is likely due to the grain structure elongated along
the rolling direction (Fig. 1a).

Specimens annealed in vacuum exhibited significant increase in ductility and decreases in yield strength
and UTS compared to the as fabricated 0.5 mm Mo sheet. Such changes in tensile properties are likely
related to the (partial) recrystallization of the sheet during annealing at 1000 °C for 100 h. The specimens



were not cross-sectioned, but Figure 6 shows, for example, large grains in the center of specimens
annealed for 20 h at 1000 °C in flowing He with 15 ppm O; or 100 h at 1000 °C in UHP He. Yu and
Kumar ¢ conducted tensile testing on 1.5 mm Mo sheet before and after recrystallization at 1300 °C for 2
h, and they also observed a significant increase in ductility and decrease in strength due to the
recrystallization annealing step. Recrystallization of Mo is often considered as detrimental due to a
decrease of both strength and ductility'®. While the lower strength for large-grain recrystallized Mo is
directly related to the well-known Hall Petch effect, decrease in ductility has been attributed to
segregation of oxygen at grain boundaries due to the high temperature recrystallization heat treatment.
Cockeram et al. demonstrated, however, that a recrystallization step at 1300°C or 1400°C could increase
the ductility of high purity low oxygen low carbon arc cast molybdenum'.

Annealing in flowing He with O, concentration varying from ~1 ppm O- to 15 ppm O; also resulted in a
decrease of the foil strength, but not as pronounced as the one observed in vacuum. In addition, a
significant decrease in ductility was observed for all the exposed foils, with plastic strain at rupture
ranging from 0 to 6 % compared to ~12 % for the as fabricated material. The specimens tested for 20 h,
either in UHP He or He with 15ppm O, showed higher ductility than the two specimens tested for 100 h
in UHP indicating that duration of exposure had more of an impact than the O, content in the He gas. All
these results are consistent with Liu et al.? results on Mo tensile specimens oxidized in low PO,
atmosphere at 1150 °C, with a ductility decreasing from ~50% before exposure down to nearly 0 after 100
hin 1.3 mPa O,.

Figure 7 shows BSE-SEM micrographs of the fracture surface of several of these wrought tensile
specimens. The recrystallization after vacuum annealing drastically changed the fracture surfaces between
the as machined and recrystallized specimens. While a ligament-like structure was observed for the as
fabricated specimens™'!, the specimen annealed in vacuum exhibited a ductile fracture. In both cases, the
specimen deformation was mainly related to specimen necking with a significant surface area reduction.
On the contrary, limited necking was observed for the specimens annealed in flowing He with 15 ppm of
O, or UHP He, with clear evidence of brittle intergranular fracture. It is worth noting that the center of the
fracture specimen exhibited large, recrystallized grains while smaller grains appeared to be present at the
specimen edges, as observed in the cross-section micrographs in Figure 6.

Table 1: Summary of the oxidation data and tensile properties for the 0.5 mm wrought Mo sheet before
and after annealing at 1000 °C.

Conditions Yield Strength UTS (MPa) Strain (%) In O, (ppm) | Out O, (ppm) Mass char:ge
(MPa) mg/cm
As Polished RD 675.8 703.5 9.22 NA NA NA
As Polished RD 680.2 703.2 12.2 NA NA NA
As machined RD 665.4 696.1 9.6 NA NA NA
As machined RD 696.3 743.9 17.7 NA NA NA
As machined RD 697.7 747.5 15 NA NA NA
As machined Per. RD 727.8 744.3 9.9 NA NA NA
As machined Per. RD 693.2 713.1 10.1 NA NA NA
As machined Per. RD 698.6 715.5 10.9 NA NA NA
20h in vaccum RD 482.2 490.4 26.5 NA NA 0.14
20h in vacuum Per. RD 503.4 520.4 18.2 NA NA 0.15
20h UHP He RD 582.4 585.7 2.97 0 2 0.29
100h UHP He RD 555 557 0.6 0.5 1.5 -0.89
100h UHP He RD 542.7 543.9 0.66 0 8 -1.26
20h 15ppm02 RD 593.2 597.6 5.3 9 15 -2.77
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Figure 5. Tensile results at room temperature for the 0.5 mm Mo wrought sheet before and after
annealing at 1000 °C, a) examples of tensile curves, b) Yield and UTS, c) Plastic deformation at rupture
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Figure 6. Optical cross-section micrographs of the 0.5 mm wrought Mo sheet after exposure, a) for 20 h
at 1000 °C in flowing He with 15 ppm O: and b) for 100 h at 1000 °C in UHP He .
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Figure 7: BSE-SEM images of the fracture surface after tensile testing at room temperature of 0.5 mm
wrought Mo specimens annealed at 1000 °C, a) As machined specimen, b) 20 h in vacuum, c) 20 h in
flowing He with 15 ppm O, d) 100 h in flowing UHP He.

3.2 PMS50 Mo sheet

A summary of the room temperature tensile properties for the PMS50 material before and after exposure
at 1000 °C in vacuum or flowing He gases with low O content are presented in Table 2 and Figure 8.
One tensile test was conducted in the as machined condition and Figure 8b and 8c shows that the yield
strength, UTS and plastic strain measured were consistent with previous data generated using 6
specimens. Arrows in Figure 8a highlight the occurrence of sudden decreases and increases of stress
during tensile testing of the as machined specimen. This is likely due to the presence of voids (Figure 1b
and 1c) and sudden propagation of small cracks in the ~88% dense material. Exposure at 1000 °C in
vacuum or flowing He with low O, content resulted in a drastic decrease in ductility, to such an extent
that several specimens annealed in UHP He, broke during specimen preparation before testing. Large
variations in yield strength and UTS were observed due to the sudden rupture of the specimen while still
in the elastic portion of the tensile curve (Figure 8a).

Table 2: Summary of the oxidation data and tensile properties for the PMS50 Mo plates before and after
annealing at 1000 °C.



. Yield Strength . Mass change
Conditions UTS (MPa) Strain (%) In O, (ppm) |[Out O, (ppm) )
(MPa) mg/cm
As machined 368 396.7 12 NA NA NA
100h UHP He broke before testing 0 ppm 0 ppm -0.44
20h UHP He broke before testing 0 ppm 0 ppm 0.1
UHP 20h broke before testing 0.15
1ppm 100h 202.9 202.9 0 0.3 0 0.1
5ppm 20h 135.9 135.9 0 3.2 4.9
Vaccum 20h 322 322 2.5 NA NA
Vaccum 5h 209.5 209.5 0 NA NA 0
High Vaccum 100h 276 300.9 2 NA NA -0.28
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Figure 8. Tensile results at room temperature for the PMS50 thin Mo plates before and after annealing at
1000 °C, a) examples of tensile curves, b) Yield strength and UTS, c) Plastic deformation at rupture

Examples of fracture surfaces are presented in Figure 9 and Figure 10. Moderate ductility was observed
for the as machined specimen with what appears to be a mix of transgranular and intergranular fracture
surface (Fig. 10a). For all the specimens annealed at 1000 °C, a brittle transgranular fracture surface was
clearly observed (Fig. 10b-10d). The higher magnification BSE-SEM micrographs in Figure 11 highlight
the presence of small precipitates at the fracture surface for all the specimens except for the as machined
specimen. As shown in Figure 12, EDS analysis revealed that these precipitates were likely Mo-rich
oxides. It is worth noting that these precipitates were also observed for the specimens annealed in
vacuum, suggesting that oxygen was already present in the specimen, likely trapped in voids, migrated at
grains boundaries after high temperature annealing to form these precipitates. As observed here, Liu et
al.” proposed that segregation of oxygen at grain boundaries after exposure in 1.3 mPa PO, at 1150 °C
was the reason for drastic embrittlement of Mo at high temperature.



a) As machined b) 5h, 1000°C, Vacuum

Figure 9: BSE-SEM images of the fracture surface after tensile testing of PMS50 Mo specimens annealed
at 1000 °C, a) As machined specimen, b) 5 h in vacuum, c) 20 h in flowing UHP He, d) 100 h in flowing
UHP He.
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Figure 10: BSE-SEM images of the fracture surface of PMS50 Mo specimens annealed at 1000 °C, a) As
machined specimen, b) 5 h in vacuum, c) 20 h in flowing UHP He, d) 100 h in flowing UHP He
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Figure 11: BSE-SEM images of the fracture surface after tensile testing at room temperature of PMS50
Mo specimens annealed at 1000 °C, a) As machined specimen, b) 5 h in vacuum, c) 20 h in flowing UHP
He, d) 100 h in flowing UHP He.



Figure 12: BSE-SEM micrographs and corresponding oxygen EDS maps of the fracture surfaces of
specimens annealed at 1000 °C in flowing UHP He, a) 20 h, b) 100 h.

3.3 Mo disks

As shown in Figure 2, tensile specimens were machined from Mo disks provided by Northstar and the
resulting room temperature tensile properties are compared in Figure 13 with the tensile properties for the
wrought Mo sheet and the PMS50 Mo material. The aMo material exhibited tensile strength superior to
the strength of the PMS50 material but with very low ductility ie. ~1% plastic strain at rupture. Further
embrittlement was observed after annealing for 100 h at 1000 °C in flowing UHP He, leading to no
ductility and yield strength and UTS down to ~150Mpa. Lower strength was measured for the as
fabricated HD disks but slightly better average ductility with significant variation from one specimen to
another. One specimen machined by EDM exhibited a ductility of 5 %, while the two other disks, one
machined by EDM and the other one machined by water jetting (WJ) failed after 1 % plastic
deformation.

Figure 14 compares the fracture surface of the as fabricated aMo and HD specimens. In both cases, a
brittle intergranular fracture was observed, but with very different grain structures. For the aMo material,



small grains ~1pum in size were homogeneously distributed, while a more heterogenous grain structure
was observed for the HD disks, as seen in Figure 3, with regions of small grains, less than 10 pm in size
and regions of larger grains, >20um in size.

The fracture surface of the aMo specimen annealed for 100 h at 1000 °C in flowing HP He looked similar
to the fracture of the as-fabricated specimen, but the high magnification BSE-SEM micrographs shown in
Figure 15 highlight the presence of very small precipitates, as observed previously for the annealed
PMS50 specimens. EDS mapping revealed again that these precipitates were Mo oxides, confirming
segregation of oxygen at grain boundaries as a key embrittlement mechanism.
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Figure 13: Comparison of the tensile properties between wrought Mo sheet in the as-fabricated or
vacuum annealed conditions, the as-fabricated PMS50 Mo thin plates, the aMo disks in the as
fabricated or annealed for 100 h in UHP He at 1000 °C conditions, and the HD Mo disks machined
by EDM or water jetting (WJ).



Figure 14: BSE-SEM images of the fracture surface after tensile testing at room temperature, a) aMo
disk, b) HD Mo disk

Figure 15: BSE-SEM images of the fracture surface of aMo specimens after tensile testing at room
temperature, a) as fabricated, b) after exposure for 100 h in flowing HP He at 1000 °C

4. CONCLUSION

Tensile testing at room temperature was conducted on wrought 0.5 mm stress-relieved Mo plate, thin
plates of PM Mo sintered at ORNL at 1600°C (PMS50) and aMo and HD Mo disks provided by
NorthStar. The wrought Mo material showed an increase of ductility and decrease of yield strength and



UTS after annealing at 1000°C in vacuum due to partial material recrystallization. Exposure in flowing
He with O2 content varying from ~1 to 15 ppm O; at 1000 °C resulted in a decrease of both alloy strength
and ductility, the longer the exposure time, the lower the ductility. The material embrittlement was
attributed to segregation of oxygen at grain boundary leading to brittle intergranular fracture, as proposed
by Liu et al’. The PMS50 material exhibited a similar behavior but with a drastic decrease of strength and
ductility after exposure at 1000 °C in flowing He with O, content <Sppm. The key differences were the
embrittlement also observed for the specimen annealed in vacuum at 1000 °C, and the presence of small
Mo oxide precipitate in the fracture surface. It is postulated that the oxygen trapped in the PM material
can diffuse to grain boundaries during annealing at 1000 °C, leading to specimen embrittlement without
the need for an exterior oxygen source.

Both the aMo and HD Mo disks exhibited very brittle tensile behavior at room temperature with several
specimens failing after a plastic deformation of less than 1 %. This is likely related to the high density of
voids present in both as fabricated disks, and the significant material inhomogeneity for the HD disks.
Annealing of an aMo specimen in flowing high purity He led to a further embrittlement of the material,
with again the presence of Mo oxides at the fracture surface confirming the role played by oxygen in
grain boundary embrittlement. A higher material density and better control of the microstructure would be
required to improve the Mo disk ductility and avoid in-service failures. Low levels of oxygen (<5ppm O>)
in flowing He were sufficient to embrittle wrought and PM Mo materials after exposure at 1000°C.
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