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Abstract

This report describes an effort to process uranium-6 weight% niobium using laser powder bed fusion.

The chemistry, crystallography, microstructure and mechanical response resulting from this process are
discussed with particular emphasis on the effect of the laser powder bed fusion process on impurities. In
an effort to achieve homogenization and uniform mechanical behavior from different builds, as well as to
induce a more conventional loading response, we explore post-processing heat treatments on this complex
alloy. Elevated temperature heat treatment for recrystallization is evaluated and the effect of
recrystallization on mechanical behavior in laser powder bed fusion processed U-6Nb is discussed.
Wrought-like mechanical behavior and grain sizes are achieved through post-processing and are reported
herein.
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Section 1

Introductory Comments

Uranium alloyed with 6 wt. pct. niobium (U-6Nb) offers high density and good corrosion resistance to
industrial sectors including nuclear fuels [1], storage containers for nuclear waste [2], ballasts and
counterweights for aircraft [3] and defense applications, such as armor-piercing munitions [4]. Decades
of materials science on this alloy system have yielded vast insight into niobium-uranium interactions,
alloying, microstructure and process-structure-property behavior [5-27]. When rapidly quenched from
the high temperature y-BCC phase [10], U-6Nb forms a heavily-twinned, metastable a”-monoclinic phase
[25]. This material possesses a shape memory response [16, 20], accommodating stress by detwinning
[19, 24], followed by dislocation formation and propagation. The mechanical behavior of this material is
heavily influenced by its Nb content and distribution, which determines its crystallographic structure.
This microstructure is dependent upon cooling rate/thermal history and is highly process dependent.
Other factors that may affect mechanical behavior include microstructure features, namely grain size [19,
28], inclusions and impurities [29], which are also influenced by the processing method [28, 30, 31].

Here, we explore laser powder bed fusion, a processing method generating substantial interest for its
ability to produce near net-shape parts with high architectural complexity, of this fascinating alloy. The
metals laser powder bed fusion process creates structures in a layer-wise fashion, achieving structural
complexity through the use of thin layers (<100 um), fine powder and small laser spot size [32]. Builds
are often custom and the different scanning strategies, part geometries, number of builds per plate, layer
size, laser parameters and material properties all contribute to complex, unique thermal conditions and
solidification behavior from part to part.

The qualification of additively manufactured metals is challenged by the process variables and conditions
discussed above, as well as the high degree of thermal stresses which arise during processing [33, 34] and
often result in localized yielding evidenced by a high number of dislocations [35] in additively built
metals. Furthermore, the welded microstructures produced via localized melting and layer-wise
consolidation can result in anisotropic mechanical properties [36-38], which complicate structural
simulation and design. An additional materials challenge, specific to reactive alloys such as U-6Nb,
includes the potential introduction of non-metallic impurities through (1) the use of oxidized powder and
(2) exposure at elevated temperatures to argon purge atmosphere impurities during building.

LLNL’s investigation into laser powder bed fusion of U-6NDb is an effort spanning 2015 to present, which
involves multiple powder sources with varying compositions. Two powders lots have been investigated
to date. These are referred to as “Powder 1” and “Powder 2" and are described compositionally in Table
1. An effort to establish a third powder feedstock (U-6Nb powder 3) is underway. In this report, Powder
2 will be discussed only. This effort is aimed at (1) understanding the effects of laser powder bed fusion
on the microstructure and mechanical behavior of U-6Nb, (2) identifying post-processing heat treatment
required for homogenization and (3) determine whether it is possible and what means are necessary to
achieve conventional, wrought-like mechanical behavior in laser powder bed fusion processed U-6Nb.
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Element Powder 1 Powder 2
Nb 59,600+400 60,380+950
Ti 5,340+60 4.86+0.50
Mo 2,790+30 1076+35
Zr 106x2 70.6x£1.6
Ta 11.66+0.14 139+2.4
V 1.1+0.06 1936126
W 5.93+0.11 11.1+0.18
Fe 565 850+21
Al 39+2 73430
Ni 17.5£0.6 64.4£3.0
Cu 13.39+0.19 108.9+2.2
Mn 8.26+0.16 17.3£3.4

U (bal) 932,000 934,500
Wit% Nb/(U+Nb) 6.01 6.07

Table 1. Concentration of impurities in the U-6Nb powder 1 and powder 2; measurement made via ionically coupled

plasma mass spectroscopy (ICP-MS). All measurements are in pg/g, unless otherwise indicated.
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Section 2
Additively Manufactured U-6Nb Specimen Preparation

2.1 Precursor powder

Pre-alloyed Powder 2 particles (Fig. 1), described in detail in [39, 40], were used to process structures via
laser powder bed fusion additive manufacturing. The composition of this powder, which is comprised of a
broad size distribution and an oxide shell, is presented in Table 1. The powder has a mean diameter
between 53 and 63 um from sieve analysis (Fig. 2) and its microstructure and processing is described in
detail elsewhere [39, 40].

Figure 1. Scanning electron micrographs of pre-alloyed U-6Nb powder imaged at 5 keV via secondary electrons

The oxide shell, previously reported to be comprised primarily of FCC UO, [40], was measured on three
powder particles with diameters near the distribution mean of 55 um. Platinum was deposited on top of
each particle via electron beam deposition and ion beam deposition for a final thickness of 2-3 um to
preserve the oxide for accurate thickness measurements. The oxide shell cross-section was exposed using
a FEI Nova600 NanoLab dual-beam FIB equipped with a Ga+ focused ion beam and imaged using
scanning electron microscopy. The oxide layer thickness at this particle size was measured between 36
and 40 nm.

Lawrence Livermore National Laboratory unclassified Page 3 of 31
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B Run 1
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> size (um)
Figure 2. Particle size distribution from sieve analysis on two samplings, 200 g each, of U-6Nb powder

2.2 Laser powder bed fusion processing

The additively manufactured (AM) U-6Nb specimens were fabricated on a Concept Laser M2 powder bed
system, using a 400 W Nd:YAG laser with a wavelength of 1064 nm, focused to a Gaussian beam
diameter of 50 um D4oc (where o is the standard deviation of the intensity distribution). The beam was
moved at speeds up to 1 m/s, and argon shielding gas was used to blow away the laser plume and protect
the sample from excess oxidation. AM U-6Nb specimens were processed on cast U-6Nb build plates
using island scanning, where the laser beam is rastered back and forth in a 5 x 5 mm square and squares
are randomly deposited, yielding a checkerboard-like deposited layer with adjacent islands scanned
orthogonally to each other [41]. Due to limited material quantity, all mechanical test specimens were
built horizontally.

2.3 Specimen machining

Mechanical characterization specimens were removed from the build plate via wire electrical discharge
machining. Cylindrical U-6NDb tensile specimens (Fig. 3) were lathe machined to a gauge length/diameter
ratio of 3.2:1 due to limited material quantities—a departure from ASTM E8 [42] which requires a
minimum 4:1 gage length to diameter ratio. Density measurements and microstructure analyses were
performed on rectangular prism specimens (10x10x8 mm, LXWxH, 142 laser pass layers).

Lawrence Livermore National Laboratory unclassified Page 4 of 31
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Figure 3. Tensile bar photo and schematic (dimensions provided in inches); conical ends accommodate self-alignment
in the tapered grips

2.4 Solutionization and annealing heat treatments

Three post build solution annealing heat treatments (HT) were performed in a medium vacuum (6-8
mTorr) furnace on five separate tensile bars (TBs): (TB 1, AB) as built condition, (TB 2, HT 1) 840 °C
for 6 hours, (TB 3-6, HT 2) 1000 °C for 16 hours, followed by cooling to 840 °C and a 30-minute hold at
840 °C. All post build heat treatments were followed with an immediate water quench (WQ) to form the
monoclinic phase. Specimens exhibited minimal geometrical distortion upon post build HT.

Measurements during in situ annealing using the Spectrometer for Materials Research at Temperature and
Stress (SMARTYS) diffractometer at the Manuel Lujan Jr. Neutron Scattering Center, LANSCE, Los
Alamos National Laboratory showed no change in lattice constants while under (HT 3) isothermal soak
after heating from room temperature to 1000°C (Fig. 4). This lack of change indicates that the AM U-
6Nb specimen is homogenized during the heating (approximately 1 hour) from room temperature to
1000°C. This timescale for homogenization is reasonable, given the typical solidification cell spacing of
0.7-2 um in AM U-6NDb specimens (see Section 5) and the niobium diffusion rates in uranium (Fig. 5).
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Figure 4. Lattice constant evolution during a 1000°C hold measured via in situ neutron diffraction
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Figure 5. Niobium diffusion distance in uranium, plotted at 840°C and 1000°C, with selected heat treatments indicated

in blue and orange, determined using Do=1.5 (10*) cm?/s and Q=33 kcal/mol [5, 43]
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Section 3

Composition and Crystallography

3.1 Bulk metallic composition

Compositional analysis (Table 2) was performed using inductively coupled plasma mass spectrometry
(ICP-MS). The nonmetallic impurities (carbon and oxygen) were measured using inert gas fusion (IGF)
and are discussed in more detail in Section 4. It must be noted that this powder batch does not meet
standard wrought U-6Nb specifications, therefore these AM builds will not, as no refinement occurs
during the laser powder bed fusion process.

Table 2. Concentration of impurities in the U-6Nb powder and U-6Nb specimens after powder bed fusion processing
measured via ICP-MS. All compositions are in pg/g unless otherwise noted.

Element Wrought specification Powder 2 As built
Nb 60,380+950 60,100+120
\Y 1,936+26 1,913+44
Mo 1,076+35 1,105+14
Al <75 73430 806+43
Fe <150 850+21 903+48
Ta <2,500 139+2.4 142+1.7
Cu <100 108.9+2.2 102+4.2
Zr <500 70.6+1.6 88.0+1.4
Ni <75 64.4+3.0 76.5+2.6
w 11.1+0.18 11.8+0.17
Ti <75 4.86+0.50 5.82+0.54
Mn 17.3+3.4 17.8+0.59
0] 300 (from supplier) 430+28
C <200 855+3 1,100+100
U (bal) 934,500 934,600
W1t% Nb/(U+Nb) | 5.2 wt% < Nb < 6.5 wt% 6.07 6.04

3.2 Effect of AM on metallic composition

In any process involving localized thermal spikes, concerns regarding material vaporization are not
unfounded. Vaporization is known to occur during the laser powder bed fusion process, as evidenced by
keyhole-shaped welds or melt pools [44, 45]. In an alloy system, with components of different melting
and boiling points, it is possible that laser powder bed fusion processing will result in a different
composition. For example, in the alloy Ti-6Al-4V, aluminum is known to be unintentionally removed
during laser powder bed fusion [46]. This occurs due to (1) temperatures required to boil the aluminum
and (2) air flow across in the laser powder bed fusion chamber. Note that the air flow is a necessary
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aspect of the laser powder bed fusion process—Ilaser energy is drastically reduced as it travels through a
metal vapor plume, resulting in insufficient melting of the powder bed and lack of fusion voids in builds.

Despite these concerns, which affect other alloy systems, the uranium and niobium composition appears
unaffected by the laser powder bed fusion process (Fig. 6). The powder used for this particular analysis is
of a different pedigree than that used in the rest of this study; however, these results remain valid. These
results imply that any uranium vapor produced during the AM process is deposited locally, onto the build
surface. Observations by the operators—that there is substantially less of a visible vapor plume in the U-
6Nb alloy during laser powder bed fusion—provide support that the processing parameters selected do
not result in substantial uranium vaporization.

100 = 6.2+
6.1+
O
= 954 = a
-2 & ™ L -2 6.0+ Ly
2 L ] ] % n ™
= = .
90 - 59 -
T T T T T 5 a’ T T T T T
powder powder AM AM Al powder powder AM AM AM

Figure 6. Uranium and niobium detected in two powder samples and three randomly selected AM samples,
measurements via ICP-MS.

3.3 Crystallography

Neutron diffraction was performed on the Spectrometer for Materials Research at Temperature and Stress
(SMARTS) diffractometer at the Manuel Lujan Jr. Neutron Scattering Center, LANSCE, Los Alamos
National Laboratory. Details of the neutron diffraction facility and analysis are discussed elsewhere [47].

Neutron diffraction was used to measure phase fractions in the AM parts with a 2 mm? interaction
volume, which is considered to represent a statistical average over a large number of grains. Diffraction
patterns were analyzed for phase fractions using a Rietveld analysis [48] on the starting powders, the as-
built samples, and the post heat treated samples. Rietveld analysis was completed on the diffraction data
using the General Structural Analysis System (GSAS) software package developed at Los Alamos [49].
For the o’ structure, the space group used in the analysis was (C 1 1 2:/m) with 2 equivalent atom
positions, (X, Yy, z) and (-X,-y, z + %), each with a multiplicity of 4. The non-conventional space group
facilitated comparison of the low Nb concentration orthorhombic phase with the monoclinic phase at
intermediate Nb concentrations, with the transformation being manifested by the deviation of the angle
between the a and b lattice vectors from 90° [11]. For the y° structure a P4/nmm space group was used.

Neutron diffraction patterns are presented in Fig. 7 for the alloy in the different conditions, including the
feedstock powder. Analysis of these diffraction peaks was performed to calculate the fraction y° and o’
for each condition. Note that the feedstock powder and AM build each possess both o and y° phases. An
example of the nearly 100% o’ diffraction pattern is shown in Fig. 7c, after the AM build has been
homogenized and water quenched.
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Figure 7. Diffraction patterns from U-6Nb for the Powder 2 material (described in Table 1 and 2) in: a) powder, b) as-
built, and ¢) homogenized/WQ condition
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Section 4

Oxidation and Nonmetallic Impurities

4.1 Impurity content

Inert gas fusion (IGF) analysis was used to analyze the nonmetallic impurity content in four specimens
(Fig. 8). These specimens consist of two U-6Nb “standard” wrought specimens produced via vacuum
induction melting and vacuum arc remelting cycles (VVV) acquired from tensile bar ends, one powder
sampleand one laser powder bed fusion processed sample. IGF was performed at the Y-12 National
Security Complex Plant Lab using LECO ONH and LECO CS analyzers [50]. Missing data (carbon and
hydrogen for VVVV samples and oxygen and hydrogen for the powder samples) in Fig. 8 is due to lack of
instrument availability and not representative of a zero quantity measurement. Lower detection limit for a
1 g sample is 0.05 pg/g oxygen, 0.05 pg/g nitrogen, 0.1 pg/g hydrogen and 0.6 pg/g carbon.

500
400 ~
300 ~
200
100 H

0 -

Oxygen

1000 ~

500

Carbon

40 +
30
20
10 +
0 -
80
60
40 H
20

Nitrogen

Hydrogen

T T I
VVV 1 VVV 2 Powder AM

Figure 8. Nonmetallic impurity content in pg/g measured using IGF; note that the oxygen values shown in the powder
specimens were provided by the powder manufacturer.
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Oxidation which occurs during the laser powder bed fusion process will be affected by the chamber
atmosphere (which is in turn influenced by the purge gas flow rate, chamber design and seals, argon
purity, etc.) and the build thermal conditions (laser settings and scanning strategy). The average oxygen in
three as-built specimens was measured using inert gas fusion analysis [50] and is reported as 430+28
ppm. Presently, the amount of oxidation/gettering that occurs during the laser powder bed fusion process
relative to the oxygen content due to powder surface oxidation is unknown. The manufacturer
specifications for oxygen content in the powder samples is reported at 300 ppm (Fig. 8); however, their
analysis method and uncertainty were not provided.

We have addressed this issue in another reactive alloy, Ti-6Al-4V, with a starting powder oxygen content
of 0.17 wt% as measured via IGF. In the Concept Laser M2 chamber used to process the Ti-6Al-4V and
the U-6Nb specimens, an oxygen uptake ranging from none to 0.08 wt% (Fig. 9) was observed in builds
A-F, 10.2 cm (4 in) tall, 1.3 cm (0.5 in) diameter [51]. The oxygen content varies from 0.16 to 0.25 wt.%
at various specimen locations and heights. The only discernable pattern is observed in pillar F, which was
located downstream of the rest of the builds. This is attributed to contamination from the vapor plume,
which swept from A to F.

Note that there is a rigorous cleaning procedure during transitions between Ti-6Al-4V and U-6Nb builds
and, as a result, no Ti impurity uptake was observed in the U-6Nb builds and no radioactive material was
present in the Ti-6Al-4V builds.

wt.% oxygen

1 0.25
0.24
(&)
© 0.23
a 2
o 0.22
=
i) 0.21
£ 3
2 0.20
(]
Q 0.19
g
8 4
R 0.18
©
0.17
5 0.16
A B C D E F
Sample #

Figure 9. Oxygen level in each Ti-6Al-4V specimen built using the Concept Laser M2 [51]
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4.2 Impurity form

Note from Fig. 8 that the oxygen and nitrogen impurity levels are higher than those detected in
conventional, wrought processed U-6Nb. Based on prior dehydriding investigations, hydrogen may be
removed during the post-processing vacuum anneal; however, data to support this has not yet been
produced. There has been some investigation into the behavior of oxygen in AM U-6Nb material, which
will be discussed in this section.

Recall that the chemical composition of the powder shell oxide (as FCC UQO_) was verified via selected
area diffraction [40]. The presence of UO; in the pre-alloyed powder is noteworthy, considering that its
high melting point (2865 °C) will promote its retention in any powder bed fusion builds. Evidence of
oxidation during the build process is noted in the darkening of each newly created melt pool surface, as
observed through the build chamber window.

Also, neutron diffraction spectra, acquired using the SMARTS diffractometer at the Lujan Center in Los
Alamos, of the powder and AM builds shows a resolvable UO; peak in the as built specimen (Fig. 10, red
curve), compared with the powder samples (green and purple curves)—these three curves were acquired
using the same count time. The lack of resolvable peak in the powder specimens may represent an
inability to resolve UO; present at 10! nm size scales (i.e., powder oxidation layer). At a higher count
time, this peak (black curve) sharpens after post build HT (blue curve), consistent with a report by Hsiung
et al. that the UO; inclusions increase in size from 20 nm in as built specimens (Fig. 11) to 200 nm in
specimens HT for 6 hours at 1000°C.

1
—Powder 1
09t | ——Powder2
—— Powder 2 build
—_— 081} ——Powder 1 build HT
- ——Powder 1 build
=
i)
[ =
5 087 “ )
g " !
g 0.5
Q
< 04 :

o
w

0.2 ) RS T Ty

17 18 19 2 21 22 23 24
d-spacing [A]

Figure 10. Neutron diffraction spectra of two powder samples, builds and one HT build, acquired via SMARTS
diffractometer
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Figure 11. Oxide particles observed in an AM build via transmission electron microscopy [52]
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Section 5
Microstructure

U-6Nb specimens were sectioned, potted, polished using traditional metallography techniques.
Specimens were final polished used 5 wt.% chromium trioxide (CrOs) in H-O in a vibratory polisher for
polarized light microscopy. This was followed with an electrolytic etch using 1 part ortho-phosphoric
acid (HsPOs) and 1 part H20 (1-5 V, open circuit, stainless steel cathode and anode) to reveal grain
boundaries and inclusions.

5.1 As built microstructure

The as built U-6Nb microstructure is traceable to its welded origins, with darker regions of the optical
image in Fig. 12 and 13 indicating the partially melted zone of each laser pass. Laser scan lines are
rotated 90° with each layer and melt pools in the range of 190 um deep are formed. Small sized porosity
is evident (relative part density is 99.5%) and there are no noticeable inclusions observable at this scale.

PE et

e G I

Magnification: X20.0

Figure 12. Melt pool structure observed at a 45° cross-section of an as built AM U-6Nb specimen imaged via optical

microscopy
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Figure 13. Higher magnification images depicting the melt pool structure observed at a 45° cross-section of an as built
AM U-6Nb specimen imaged via optical microscopy

Solidification microstructure with a cell spacing of ~0.7 um is depicted in Fig. 14; the region shown is far
from the partially melted zone, located near the center of the melt pool.

i ),,r‘"‘ = ,c-r > 2 ” .s - C
——— 10um Det WD b——— 2um
SE 6.2 AM UBNb sample"E" tensile grip area 99.00 kV 3.0 10000x SE 6.2 AM U6Nb sample"E" tensile grip area
o & 3 £S 3 - ! - bt 2 5

o2 T Il SR AL B a0 AN ' f W - -

Figure 14. Solidification cells observed at a 45° cross-section in an as built AM U-6Nb specimen imaged via scanning
electron microscopy at 5 kV (a) lower and (b) higher magnification
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5.2 Effect of post build heat treatment on microstructure

5.2.1  Grainsize

Recrystallization occurs upon heating to 1000°C, as shown in Fig. 15. The AM U-6Nb grains are
comparable in size to wrought U-6Nb (<50 um), after a 16 hour heat treatment (Fig. 15b). Note that these
grains imaged in Fig. 15 are prior y grains that existed at elevated temperature during the anneal. After
the water quench, they have martensitically transformed to the o phase, with a twin structure consisting
of finely twinned laths or bands. The twinned laths or bands (transgranular twins on the order of 10 um)
and the fine intraband twins (sub nm twins) are typically observed in martensitically-formed o”-
monoclinic U-6Nb and are described in detail in [53]; these are shown imaged using transmission electron

microscopy (Fig. 16).

@

Figure 15. Microstructure of AM U-6Nb specimens annealed at (a) 840°C for 6h and WQ and (b) 1000°C for 16h,
followed by a 30 min hold at 840°C and WQ. Optical images of polished and etched surfaces.

plololalag] 200 Nnm

Figure 16. Transmission electron micrographs depicting finely twinned laths or bands. High-angle annular dark field
scanning TEM (left) and conventional bright field imaging (right).
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5.2.2 Inclusions

Inclusions are present within grains and at grain boundaries in specimens annealed at 1000°C for 16h,
followed by a 30 min hold at 840°C and WQ. Many of the inclusions in Fig. 17 manifest at grain
boundaries, lending evidence in favor of coarsening during the long post build heat treatment. The typical
size is <10 pm.

Figure 17. Optical micrograph of an AM U-6Nb specimens annealed at 1000°C for 16h, followed by a 30 min hold at
840°C and WQ

At higher magnification, there appears to be two different morphologies present: rod-like and round (Fig.
18). Energy dispersive X-ray spectroscopy (EDS) was performed on three different regions (Fig. 19).
These results are summarized in Table 3.

mag O | tilt | HFW
5.00kV[2500x[0°|112

Figure 18. Scanning electron micrographs of an AM U-6Nb specimen annealed at 1000°C for 16h, followed by a 30
min hold at 840°C and WQ, imaged at 5 keV via secondary electrons
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The rod-like inclusion is comprised of Nb, Si and Al, while the round inclusion is comprised of Nb. The
rod-like and round particles were each sectioned via ion milling to reveal their 3D morphology (Fig. 20).
We conclude that the highly elongated, faceted inclusions are rod-like and the round inclusions are
equiaxed. These inclusions vary in morphology and composition from conventional wrought inclusions,
which include UO; (globular), Nb,C/NbC/UC (sharp angular faces) [5].

</ ¢

HV |[mag Otilt| HFW | WD
5.00kV | 5000x 0 °[56.2 ym|5.1 mm |ETD UBNb-J As Quenched

20 ;fm

Figure 19. Scanning electron micrographs depicting EDS regions on an AM U-6Nb specimen annealed at 1000°C for
16h, followed by a 30 min hold at 840°C and WQ, imaged at 5 keV via secondary electrons

Table 3. Composition measured via uncalibrated EDS in at%o for regions 1-3, specified in Fig. 18

Region1l Region2  Region3

U 36.0 1.7 0.5

Nb 4.7 45.7 52.0

C 37.2 18.3 37.9

o] 22.1 9.5 8.7

Al -- 7.3 0.2

Si -- 17.5 0.9

Shape Matrix Rod-like Round/equiaxed
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HFW | WD |[det| —— ———— Q| HV [mag O tit | HFW | WD | det
5.62 ym| 5.0 mm | TLD A: & 5 24 864 %|52 % |11.3 ym 5.1 mm | TLD

Figure 20. Scanning electron micrographs depicting inclusions and their cross-sections observed in an AM U-6Nb
specimen annealed at 1000°C for 16h, followed by a 30 min hold at 840°C and WQ, imaged at 5 keV via secondary
electrons. (a) Image showing section locations, (b) cross-section 1, (c) cross-section 2
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It should be noted that the rod-like and round/equiaxed inclusions appear to coarsen with time and
temperature during post build heat treatment (Fig. 21). Circular indentations apparent on the surface of
these polished and etched U-6Nb builds are likely etch pits.

OX S
4 A Det WD ——— 10um
500 kV 30 2500x SE 4.8 AM UBNb sample"C" tensile grip .00 kV 30 2500x SE 5.0 AM UGNbsample"D"tensile grip area

Figure 21. Inclusions shown in (a) an AM HT1 build and (b) an AM HT2 build, imaged at 5 keV via secondary
electrons

The presence of Nb, Si and Al is confirmed via EDS in the TEM chamber. Small amounts of V are also
detected within the faceted, rod-like inclusions (Fig. 22). EDS mapping reveals other impurities present
in the rod-like inclusions (Fig. 23). The Si and Al impurities appear to be distributed across the rod-like
inclusions (Table 4). In fact, intermetallic compounds comprised of Nb-Si-Al are reported in the
literature [54].

7
Surface layer

Surface layer

<«— Precipitates

T Precipitates

Figure 22. Inclusions present in an AM build after annealing at 1000°C for 16h, followed by a 30 min hold at 840°C
and WQ
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Table 4. Composition in a rod-like inclusion measured via EDS in the TEM chamber, shown in at%.

Region 1
Nb 55.2
Si 25.3
Al 15.7
\Y 3.8

EDS composition of the round inclusions (Table 4) provides evidence that these are comprised of Nb
carbide; however, Nb carbides are known for their faceted, irregular surfaces [5]. Note that, in Fig. 23, a
stronger hue indicates a higher concentration in a region.

100 nm

v Nb 0O
Al Ti \

Figure 23. EDS mapping acquired in the TEM chamber across the rod-like precipitate, matrix and surface layer
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Section 6

Mechanical Behavior and Failure Analysis

6.1 Quasi-static tensile testing

Mechanical performance under tensile deformation was evaluated at room temperature with a loading rate
of 0.01 mm/s, corresponding to a strain rate of order 10 s, using an Instron 4400R universal testing
machine with a custom fixture and strain gage extensometer, 12.48 mm (0.49 in) long, for strain
measurement. All specimens were tested to failure in the as-annealed condition (i.e., builds were
machined prior to annealing).

1200
<
S 10001
%) As built
g 8007 —— TB1 AB (as built)
[¢]
& 6004 840°C for 6h
> —— TB2 HT1 (6 hour)
8 4004 1000°C for 16h
£ —— TB3 HT2
. - --TB4 HT2
- TB5 HT2
rrrrrr TB6 HT2
0 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Engineering strain, e (mm/mm)

Figure 24. Quasi-static tensile engineering stress-strain behavior of AM U-6Nb specimens annealed at different
time/temperatures.

After solutionization for 16 hours, a significant increase in failure strain (from 2.8% strain in the as built
condition, to 11.7% strain in the 840°C 6h HT1 WQ condition, to 22.3% strain in the 1000°C 16h HT2
WQ condition) is observed (Fig. 24). Note that the as built TB1 failed outside the extensometer gage
length. All other tensile specimens tested failed within the extensometer gage section. Prior
investigations reveal two effects of annealing on microstructure: grain growth and inclusion coarsening
[52]. Both phenomena can explain the difference in failure strain and second yield stress (2YS). Grain
growth can reduce yield stress in many metals [55-57]; however, this is demonstrated to have little to no
effect in U-6Nb [31]. Inclusion coarsening, coupled with grain boundary migration can reduce
microvoid initiation sites, potentially postponing catastrophic failure.

A comparison between the quasi-static tensile behavior of AM U-6Nb and wrought processed U-6ND is
made in Fig. 25. The AM U-6Nb possesses higher yield stresses (1YS—initial yielding due to
detwinning [24] and 2YS—second yielding due primarily to dislocation behavior), possibly as a result of
a larger quantity of inclusions. Efforts to better quantify this are underway. The failure strain of the 16h
HT and WQ AM U-6Nb is comparable to the WQ wrought specimen failure strain.
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Figure 25. Quasi-static tensile response of AM U-6Nb, shown in comparison with wrought processed U-6Nb [58]

6.2 Deformation behavior

Specimens experience a slight, but measurable reduction in cross-sectional area (%RA) with post build
heat treatment (TB2=2.35, TB3=7.35), as shown in Fig. 26. Recall that Fig. 26a (TB1) failed just outside
the gage section, so no RA analysis is possible.

(a) ' (b)

Figure 26. Fracture surface of (a) AM TBL1 in the as built condition, (b) AM TB2 in the 840°C 6h HT WQ condition
and (c) AM TB3 in the 1000°C 16h HT WQ condition acquired using scanning electron microscopy, E-SEM, 30 kV
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6.3 Failure analysis

The as built specimen exhibits low ductility, with very little shear lipping (Fig. 27). The post build heat
treated specimens exhibit ductile behavior with no brittle cleavage, evidenced by ductile dimpling (Fig.
27-29) and shear lip formation (Fig. 26, 28, 29). Failure is defect driven at multiple scales, with
macrovoid initiation at process induced irregularities (Fig. 27-30) and microvoid formation at brittle
inclusions (Fig. 31-32). In Fig. 28-30, an unmelted particle is observed at the fracture surface. This is not
an atypical observation at a tensile failure surface and it is reasonable that such a site would act as a
failure initiation point. Note also that the dimples in Fig. 30 appear faceted, with a high deviation in
surface topology at scales larger than the dimples. Dimples appear to be <1 um in the AB specimen, 1-4
pm in the HT1 specimen and ~10 pm in the HT2 specimen (Fig. 30-32).

7/110/2017 |Mag| WD HV | Spot| Det 2.0mm——— 5
4:00:11 PM| 40x |38.7 mm|[30.0 kV| 50 |[ETD Tensile 3B #E 8:01 PM|1200x| 29.6 mm|30.0 kV/| 5.0 [ETD Tensile 3B #E

Figure 27. Electron micrographs acquired via E-SEM, 30 kV, of the failure surface of an AM U-6Nb specimen tested
in the AB condition

2.0mm
Tensile 1B #C : Tensile 1B #C

Figure 28. Electron micrographs acquired via E-SEM, 30 kV, of the failure surface of an AM U-6Nb specimen tested
in the HT1 condition
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Spot| Det | 2.0mm 7/‘1‘0/2017 Mag WD HV  |Spot| Det 100.0pm
3:11:55 PM|1000x|29.2 mm|30.0 kV| 5.0 |[ETD Tensile 2B #D

Figure 29. Electron micrographs acquired via E-SEM, 30 kV, of the failure surface of an AM U-6Nb specimen tested
in the HT2 condition

- . 4 I
7112017 | Mag | WD | HV | Spot| Det 10 Op M e
10:09:37 AM [10000x|10.4 mm|30.0 kV| 5.0 |[ETD Tensile 3B #E

Figure 30. Higher magnification electron micrographs acquired via E-SEM, 30 kV, of the failure surface of an AM U-
6Nb specimen tested in the AB condition
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7M0/2017 \ | Spot| Det | ——50.0pm—— Z Via Spot| Det e — T T —
11:55:35 AM | 1500x|10.4 mm|30.0 kV| 5.0 |[ETD| Tensile 1B #C : V 5.0 |[ETD Tensile 1B #C

Figure 31. Higher magnification electron micrographs acquired via E-SEM, 30 kV, of the failure surface of an AM U-
6Nb specimen tested in the HT1 condition

N,

L B ¢ LN ol IR ) \ 4 3
Mag WD HV | Spot| Det |e— 1Y) V|11 —) 10.0pm
3:25:22 PM|2500x{10.8 mm|30.0 kV| 5.0 |ETD Tensile 2B #D 3:30:57 PM|10000x|10.8 mm|30.0 kV| 5.0 |ETD Tensile 2B #D

Figure 32. Higher magnification electron micrographs acquired via E-SEM, 30 kV, of the failure surface of an AM U-
6Nb specimen tested in the HT2 condition
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Section 7

Summary

Uranium-6 wt. pct. niobium has been melted and atomized into particles of <150 um diameter. These
particles were sieved to <100 um diameter, then processed using laser powder bed fusion. The builds
retain the U-6Nb composition, yet express multiple crystallographic phases under neutron diffraction,
which is an indication of segregation during the build or cooling process. The builds are characterized by
weld-like microstructures and poor ductility. To increase ductility of these builds, post build heat
treatments were pursued, with quasi-static tensile behavior as the metric for potential impact.

After water quenching from the high temperature y-BCC phase, the builds assume the o”>-monoclinic
phase typical of wrought or other, rapidly cooled U-6Nb. Long heat treatments result in substantially
different microstructures, which evolve from melt-pool dominated to equiaxed. Evidence supporting the
coarsening of inclusions is provided in the form of optical and scanning electron micrographs. These
inclusions are attributed to (1) oxygen and carbon in the powder feedstock and (2) oxygen and carbon
gettered during the laser powder bed fusion process, during which the powder is melted in an argon purge
atmosphere. These inclusions are < 10 yum in size and are not anticipated or observed to affect
machinability.

The quasi-static tensile tests performed on the annealed AM U-6NDb cylindrical dogbone specimens shows
repeatable performance, with the first yield stress and ultimate tensile strength greater than standard
wrought U-6Nb. The elongation is comparable, falling between 20-25%. These quasi-static mechanical
properties are highly encouraging evidence toward the use of post-processing heat treatments as a means
of tailoring microstructure-property behavior of U-6Nb.

This study represents a collection of experiments performed from 2016 to 2017 at Lawrence Livermore
National Laboratory and Los Alamos National Laboratory. These initial investigations have highlighted
the potential of U-6Nb processed using laser powder bed additive manufacturing to perform, quasi-
statically, as well as wrought U-6Nb. The recommendations for process improvement, made based on the
findings of this investigation include: (1) improved atmospheric control during laser powder bed fusion
processing and (2) reduction of metallic impurities in powder feedstock.
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