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Project Overview

Nuclear Thermocouple Technology:
• Complete characterization of advanced insulation materials for use in advanced nuclear sensors 

for high temperature applications – This task focuses on the development of high temperature (> 
2000 ℃) insultation materials for nuclear instrumentation (e.g., thermocouple, ultrasound thermometry, 
SPND, etc.). The main need is the manufacturability and/or advance manufacturing capabilities in such 
non-oxide materials as aluminum nitride (AlN), silicon carbide (SiC), and others, for example. The high 
temperature materials allow for sensors to reach higher temperatures themselves without adding drift or 
impurities to the signal. The main tests will be performed on thermocouples, but the advanced 
insulations apply to other sensors, as well.

• In FY24 R&D activities were carried out in the following technical areas:
– M3CT-24IN0702051-(Carryover) Journal article with HTIR-TC testing results using the different heat treatment methods
– M3CT-24IN0702052-Characterization of insulation materials for use in advanced nuclear sensors for high temperature 

applications

Personnel:
• PI: Richard Skifton, PhD, Idaho National Laboratory
• CO-PI: Brian Jaques, PhD, Boise State University
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Project Overview

Schedule:
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• Next generation reactors are pushing temperatures higher than ever (> 1600 ℃)
• This merits the increase in material capabilities, namely, ceramic insulators that hold most high 

temperature sensors in their designed position
• This work applies to thermocouples, SPNDs, ultrasound thermometry, and others

Technology Impact
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Traditional Thermocouple Insulators

• The electrical resistivity of alumina limits operation of the HTIR-TCs 
above 1600 °C.



6

Alternative High Temperature Ceramic Insulators

• ZrC, ZrN, and B4C were not considered further due to their low electrical resistivity in comparison to 
alumina.
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Alternative Thermocouple Insulators
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Diffusion Couple Set up 

C)
• Samples were cross-section after heat 

treatment and prepared for SEM 
characterization.
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Chemical Stability – Niobium with Aluminum Nitride at 1700 ℃

• During heat treatment at 1700 °C for 6 hrs aluminum diffused 
throughout the bulk of the niobium foil.

Nb

AlN

AlN
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Chemical Stability – Niobium with Aluminum Nitride at 1700 ℃

• During heat treatment at 1700 °C for 6 hrs aluminum and 
yittria diffused throughout the bulk of the niobium foil.

Nb

AlN
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Chemical Stability – Niobium with Silicon Carbide at 1700 ℃

• During heat treatment at 1700 °C for 6 hrs the 
SiC dissociated and the silicon formed a 
silicide diffusion region within the niobium 
foil.
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Chemical Stability – Niobium with Silicon Carbide at 2000 ℃

• During heat treatment at 2000 °C for 6 hrs the niobium appeared to form a eutectic 
phase with the SiC.

Nb

SiC
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Chemical Stability – Niobium with Silicon Carbide at 2000 ℃

• During heat treatment at 
2000 °C for 6 hrs the 
niobium was wetted to the 
surface of the SiC but 
there is a lack of a 
diffusion region forming.

Nb

SiC

epoxy
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Chemical Stability – Niobium with H-BN at 1700 ℃

• During heat treatment at 1700 °C for 6 
hrs an interaction region formed 
between the H-BN and the niobium foil.

Nb

epoxy
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Chemical Stability – Niobium with ZrO2 at 1700 ℃

• During removal of the ZrO2/Nb/ZrO2 diffusion couple from 
the graphite fixture the ZrO2 fractured and crumbled into 
pieces.

• During heat treatment at 1700 °C for 6 hrs an interaction 
region formed between the ZrO2 and the niobium foil.

Nb

epoxy
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Digital Light Processing printing of ZrO2 (Surrogate Ceramic)

Image of zirconia test 
print using the Kudo3D 
Titan 1 DLP printer

• Sintering of the as printed ZrO2 resulted in a high density phase pure ZrO2. 
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Optimization of Printed ZrO2 Porosity

• The sintering profile was adjusted to increase the porosity of the ZrO2, and in doing so produce a 
crushable part.
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The stability of alternative high-temperature ceramic insulators was conducted with HTIR-TC relevant materials. The 
down selection of AlN, SiC, ZrO2, and H-BN was made based upon thermodynamic predictions, electrical 
resistivity and thermal conductivity at elevated temperatures, and empirically determined chemical stability with 
niobium and molybdenum.
• The interaction with surrogate Nb and Mo was shown
• The printing of relevant ceramics in advanced sensor geometries was trialed
• Additionally, powder packing of relevant ceramic powders was verified

• Patent application from current work:

• Journal submissions are forthcoming from the current work

Concluding Remarks



19

References
Traditional Thermocouple Insulators (Slide 5)
[1] V.F. Sears, Neutron News 3(3) (1992) 26-37.
[2] J.L. Rempe, D.L. Knudson, K.G. Condie, S.C. Wilkins, Nuclear Technology 156(3) (2006) 320-331.
[3] J. Mayer, W. Mader, F.O. Phillipp, C.P. Flynn, M. Ruhle, Institute of Physics Conference Series (98) (1990) 349-354.
[4] S.C. Wilkins, Temperature: Its Measurement and Control in Science and Industry 6(12) (1992) 627-630.
[5] B.V. Cockeram, Bettis Atomic Power Laboratory Technical Note  (1999).
[6] Y.-I. Jung, S.-H. Kim, H.-G. Kim, J.-Y. Park, W.-J. Kim, Journal of Nuclear Materials 441(1) (2013) 510-513.
[7] M.K. Shotaro Morozumi, Kazuya Saito and Shin-ichi Mukaiyama, ISIJ International (12) (1990) 1066-1070.
[8] G. Economos, Journal of the American Ceramic Society  (1953) 403-409.
[9] A.E. Martinelli, R.A.L. Drew, Materials Science and Engineering: A 191(1) (1995) 239-247.
[10] J. Mayer, NASA technical note  (1968).
[11] J. Boland, Nuclear reactor instrumentation (in-core), 150 Fith Avenue, New York, N.Y. 10011: Cordon and Breach 1970.

Alternative High Temperature Ceramic Insulators (Slide 6)
[12] S. Sahoo, B. Sahoo, S. Sahoo, Journal of Applied Physics 114 (2013) 163501-163501.
[13] M. Chowdhury, K. Wang, Y. Jia, C. Xu, Journal of the American Ceramic Society 103 (2019).
[14] Q. Mistarihi, A. Umer, J. Kim, S. Hong, H.J. Ryu, Nuclear Engineering and Technology 78 (2015).
[15] J. Boland, Nuclear reactor instrumentation (in-core), Cordon and Breach 150 Fith Avenue, New York, N.Y. 10011, 1970.
[16] H. Werheit, B. Herstell, W. Winkelbauer, G. Pristáš, S. Gabáni, K. Flachbart, S. Shalamberidze, Solid State Sciences 132 (2022) 106987.
[17] S. Perevislov, E. Motaylo, E. Novoselov, D. Nesmelov, IOP Conference Series: Materials Science and Engineering 848 (2020) 012066.
[18] H. Kawaoka, T. Sekino, T. Kusunose, K. Niihara, Journal of Materials Research 18 (2003) 2752-2755.
[19] F. Shackelford, Y.Han, Sukyoung Kim, Se-Hun Kwon, CRC Materials Science and Engineering Handbook (4th ED.), 2015.
[20] CES EduPack software, Granta Design Limited, Cambridge, UK, 2009.
[21] O. Nilsson, H. Mehling, R. Horn, J.P.D. Fricke, R. Hofmann, S.G. Müller, R. Eckstein, D. Hofmann, High Temperatures-high Pressures 29 (1997) 73-79.
[22] R.W. Francis, J. Electrochem. Soc.  (1976).
[23] J. Adachi, K. Kurosaki, M. Uno, S. Yamanaka, Journal of Alloys and Compounds 399(1) (2005) 242-244.

Alternative Ceramic Insulators (Slide 7)
[24] B.V. Cockeram, Bettis Atomic Power Laboratory Technical Note  (1999).
[25] A.E. Martinelli, R.A.L. Drew, Materials Science and Engineering: A 191(1) (1995) 239-247.
[26] J. Mayer, NASA technical note  (1968).
[27] Davis, Ameraican Nuclear Society  (1966) 229-246.
[28] A. Martenelli, Ph.D Thesis, Mcgill University, Montreal  (1995).
[29] R.K.J. Subrahmanyam, Materials and Manufacturing Processes 18(4) (2003) 609-620.
[30] W.G. LIDMAN, H.J. HAMJIAN, Journal of the American Ceramic Society 35(9) (1952) 236-240.
[31] T.F. Fedorov, Y.B. Kuz'ma, L.V. Gorshkova, Soviet Powder Metallurgy and Metal Ceramics 4(3) (1965) 229-233.
[32] T.C. Wallace, C.P. Gutierrez, P.L. Stone, The Journal of Physical Chemistry 67(4) (1963) 796-801.
[33] R.W. Harrison, W.E. Lee, Advances in Applied Ceramics 115(5) (2016) 294-307.
[34] L.G. Carpenter, P.J. Kirby, Journal of Physics D: Applied Physics 15(7) (1982) 1143.
[35] C. Steinborn, M. Herrmann, U. Keitel, A. Schönecker, J. Räthel, D. Rafaja, J. Eichler, Journal of the European Ceramic Society 33(6) (2013) 1225-1235.



asi.inl.gov/energy.gov/ne

Thank You


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20

