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- Background — UZrCN
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Fig. 2 — lllustration of a High Temperature Gas Reactor
design [Credit: DOE Office of Nuclear Energy]
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Fig. 1 — lllustration of the NERVA nuclear thermal rocket design [Credit: NASA]
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- UZrCN Synthesis by Arc Melting

» High temperature, liquid synthesis method R
— Proof of concept for scalable technology; induction casting

- 3 different fabrication orders investigated:
— All methods: 300A maximum applied amperage

Copper crucible

Water in Water out
Fig. 3 — Basic arc melt furnace schematic drawing [6]
Table 2 — Fabrication Parameters ) |

: 190s (Argon) +
11UZrC + N U526 5C05No 5 1 lpm 0.5 psi 180s (Nitrogen) 2.85¢g
. 510s (Nitrogen) +
2] UZrN + C Up.2Zr05C0 5No 5 2 lpm 0.5 psi 1080s (Argon) 10.65¢g
3]UZr+(C+N) Uy,Zr sCosNos 1 1pm 0.5psi  270s (Nitrogen) 2.489g 2

Fig. 4 — Arc melt furnace during operation
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- UZrCN Synthesis by Arc Melting

* |nitial observations:
— Carbon sublimation
— Nitrogen reaction

— Tungsten electrode
damage

 Manipulation of
amperage to avoid
erosion

 Plasma envelope
widens as electrode
degrades

Fig. 6 — Erosion of the tip of the tungsten electrode
from high temperature reaction with nitrogen

Fig. 5 — Photograph showing golden hue
after melt indicating nitrogen reaction
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- Microstructure Analysis

Method One Method Two Method Three
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Fig. 7 — SEM-BSE (100x) image of Method One with target  Fig. 8 — SEM-BSE (100x) image of Method Two with target Fig. 9 — SEM-BSE (100x) image of Method Three with
StOlChlometl’y U0_5Zf'0_5C0_5N0_5 StOiChiometI’y U0'22r0'8C0.5N0_5 target StOIChiometry UO.ZZrO.BCO.5N0.5
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- Microstructure Analysis: Extreme
Cooling Rate

» All methods exhibited two distinct microstructures as a
function of the cooling rate relative to melting
temperature

» Dendrite growth along crucible edges

* Segregations throughout buttons
— Indication of significant cooling mismatch

— Qccurs in solid solutions especially when solute
melts more readily than solvent

— Hence, uranium is rejected from solidification front
into intergranular regions

Hearth Edge

Figure 10 - Showmg SEM-BSE 100x Images of Methods 1 and 3
showing similar microstructure
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- Microstructure Analysis: Uranium, zirconium

« EDS indicates presence of uranium and zirconium
— Uranium-zirconium interdiffusion
— Zirconium-rich core with uranium rich shell

Fig. 11 — SEM-BSE (1000x) image of Method Three with EDS maps representative of all samples (carbon and nitrogen maps excluded due to inadequate EDS resolution) Arrows point to
different regions of the microstructure: a — a-uranium shell, b — zirconium-rich core with evidence of nitrogen decomposition, ¢ — zirconium-rich core region with less decomposition effects
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- Microstructure Analysis: N|trogen Decomposition
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Fig. 12 — SEM-BSE 500x image of UN thermally treated from Artem Lunev et al. [9] Fig. 13 — 400x Image of arc melted UCN thermally treated
from Mitsuhiro Ugajin [10]
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- Mlcrostructure AnaIyS|s Nltrogen Decomposmon

Fig. 14 — SEM BSE 1000x Image of Method Two Fig. 15— SEM-BSE 1 000x Image of Method Three

Precipitate formation indicates the presence then decomposition of nitrogen during the melt process!
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LaB, (ICDD: 00-059-0332)-[]
Ug_ngl'o_]r]_C{)_ 12N0.8500.02 (ICDD 04-006-063?) - o

- X R D dan d L EA © Up 47219 53C 12N 3200 06 (ICDD: 04-006-0636) - %

¢ - uranium (ICDD: 01-089-2686)-0
 XRD shows near target phases Graphite (ICDD: 00-041-1487)- A
— UZrvs. UZrCIN
— LEA shows nitrogen and carbon
retention

- SEM, XRD, and LEA together
indicate formation of UZrCN!

Relative Intensity

Table 3 — Average Light Element Content

3.95 3.97 3.38

Method1 1.86

Method 2 0.89 5.25 5.10 4.5 20 40 60 80 100 120 140
Position (°20)

Fig. 16 — XRD Patterns of all three methods showing UZrCN with slight oxygen contamination. LaB,; Used as
Method 3 2.74 5.25 4.34 4.5 a reference peak [11]
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- Conclusions and Further Work

UZrCN can be fabricated by direct casting

Homogenization to be pursued
— Tri-Arc Melt furnace
— Nitrogen blanket in furnace

Final stoichiometry to be evaluated
— Atom Probe Tomography

Process refinement toward target stoichiometry

Extreme environment testing

IDAHO NATIONAL LABORATORY



- References

Alekseev S. V. Alekseev, V. A. Zaitsev “Nitride Fuel for Nuclear Energy,” (Moscow: Tekhnosfera) 2013
. Bhattacharyya, S K. “An assessment of fuels for nuclear thermal propulsion.” United States: N. p., 2002. Web. doi:10.2172/822135.

3. C. Kouhsen, A. Naoumidis, H. Nickel, “Preparation and thermochemical stability of uranium-zirconium-carbonitrides,” Journal of Nuclear Materials,
Volume 61, Issue 1, Pages 88-98, (1976) ISSN 0022-3115, https://doi.org/10.1016/0022-3115(76)90101-X.

4. A.S. Chernikov, V. A. Zaitsev, Y. F. Khromov, “Nuclear Fuel Based on Uranium-Zirconium Carbonitride,” Atomic Energy, vol. 123, no. 2, p. 96,

(2017)

A. N. Bahkin et al., “Preparation for reactor tests of uranium-zirconium carbonitride fuel,” J Phys Conf Ser, vol. 1683, no. 3, p. (2020)

Simbarashe Fashu, Mykhaylo Lototskyy, Moegamat Wafeeq Davids, Lydia Pickering, Vladimir Linkov, Sun Tai, Tang Renheng, Xiao Fangming,

Pavel V. Fursikov, Boris P. Tarasov, “A review on crucibles for induction melting of titanium alloys,” Materials & Design, Volume 186, (2020) ISSN

0264-1275, https://doi.org/10.1016/].matdes.2019.108295

7. R.E. Smallman, A.H.W. Ngan, Chapter 3 - Solidification, Editor(s): R.E. Smallman, A.H.W. Ngan, “Modern Physical Metallurgy (Eighth Edition),”
Pages 93-119, ISBN 9780080982045,

8. R.Abbaschian, L. Abbaschian, R. Reed-Hill, “Physical Metallurgy Principles (Fourth Edition),” ISBN:9780495082545

9. AV.LUNEV ET AL, “Kinetic and Microstructural Studies of Thermal Decomposition in Uranium Mononitride Compacts Subjected to Heating in High-
Purity Helium,” Journal of Nuclear Material, vol. 479, p. 266, (2016)

10. M. UGAJIN, “Stabilization of Uranium Carbonitrides (N < 1 wt%) by Tungsten Addition,” Journal of Nuclear Materials, vol. 40, p. 174, (1971)

11. GATES-RECTOR, STACY, BLANTON, “The Powder Diffraction File: A Quality Materials Characterization Database,” Powder Diffraction, 34 No.4 p.

352 (2019) Funding Declaration and Acknowledgment
Work supported through the INL Laboratory Directed Research and Development (LDRD) Program under DOE Idaho Operations
Office Contract DE-AC07-05ID14517. The presenter would like to acknowledge Drs. Alireza Haghighat of the Virginia Tech Nuclear
Engineering Program for his guidance and instruction and Sarah Hamilton for her mentorship.

o o

12 IDAHO NATIONAL LABORATORY


https://doi.org/10.1016/0022-3115(76)90101-X
https://doi.org/10.1016/j.matdes.2019.108295

ldaho National orotory

Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy.
INL is the nation’s center for nuclear energy research and development, and also performs research
in each of DOE’s strategic goal areas: energy, national security, science and the environment.

VIRGINIA
TECH




MFC Nuclear Research, Development & Demonstration
Capabilities (with other connected INL capabilities)

Fabrication

» Experimental Fuel
Facilities

» Fuels & Applied
Science Building

* Fuel
Manufacturing
Facility

» Zero Power
Physics Reactor

* Analytical
Laboratory

» Advanced Fuels
Facility

Fresh Fuel
Characterization

* Fuels & Applied
Science Building

* Analytical
Laboratory

* Experimental Fuel
Facilities

Irradiation

* Transient Reactor
Experiment &
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* Neutron
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Reactor (NRAD)

* Advanced Test
Reactor (ATR)

» Offsite Reactors

Post-Irradiation
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Characterization

*Hot Fuel Examination
Facility

*Irradiated Materials
Characterization Lab

*Fuel Conditioning
Facility

* Analytical Laboratory

*Fuels & Applied
Science Building

*Electron Microscopy
Lab

*Neutron Radiography
Reactor (NRAD)

Space Nuclear
Power and
Isotope
Technologies

» Space & Security
Power Systems
Facility

* Engineering
Development Lab

* ldaho Nuclear
Technology &
Engineering
Center
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Advanced
Reactor
Demonstration
Test Beds

* TREAT micro-
Reactor
Experiment Cell

* Laboratory for
Operations and
Testing in the US

* Demonstration of
Microreactor
Experiments




EDS Analysis: Method 3 +C/N Maps
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- Wavelength Dispersive X-ray Spectroscopy (WDS)

SEM-BSE and WDS (1500x - all scale bars 30 um) of
Method 3 with microstructure characteristic of all samples

IDAHO NATIONAL LABORATORY



- Analytical Equipment
« JEOL IT-500HR Scanning Electron Microscope (SEM)
— Oxford “Ultim Max” Energy Dispersive X-ray Spectroscope (EDS)
— Oxford “Wave” Wavelength Dispersive X-ray Spectroscope (WDS)

« Malvern PANalytical Aries Research X-ray Diffractometer (XRD)
— Highscore Plus for data analysis

- ELTRA ONH-2000/CS-800
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- Pseudo Ternary Zr-ZrC-ZrN

6-Zr(C,N), , ss

C At % N
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