
Furnace for Irradiated TRISO Testing 
(FITT) Oxidation Study

July 13, 2021

Tyler J. Gerczak
Sr. R&D Staff
Particle Fuel Forms Group Leader
Nuclear Energy and Fuel Cycle Division
Oak Ridge National Laboratory
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• Darren Skitt
• Irradiated Fuels Examination Laboratory (IFEL) Staff



FITT – “pseudo-separate effects testing”

• Long-term thermal testing of individual particles (pre-FY21 
focus)
– Further explore release of select fission products from intact TRISO fuel
– Expand upon unique observations from safety testing

• Oxidation testing of individual particles (FY21 focus)
– Explore response of particles during exposure to oxidants (air)
– Provide scoping tests to inform AMIX and fundamental understanding of TRISO oxidation



FITT refresher: furnace to expose TRISO particles

• Flexible, intentionally-simple, cost-
effective capability to heat small batches 
of irradiated TRISO particles up to 1700oC 
over times >1500 h outside a hot cell
– Closed-bottom ceramic tube in box furnace containing 

10–30 particles under flowing inert gas or oxidizing 
environments (up to 21% O2)

– Installed in the IFEL radiological facility at ORNL where 
AGR hot cell work is performed

– Intended to support integral release/oxidation tests 
in the CCCTF, FACS, and AMIX systems

Image of FITT system in IFEL hood 



Long-term thermal testing (pre-FY21)

• Motivation of long-term thermal testing 
of TRISO particles
– Expand range of temperature and times to observe 

release of fission products (FPs) from intact particles
• Safety testing is limited by schedule and cost
• Explore “Goldilocks” silver release between 

1075ºC and 1375ºC
− Observed in Compact 4-2-2[1] and 

Transient Tests[2,3]

• Provide confirmation of release
• Explore particles after burn-leach without 

contributions (“hold-up”) from FPs in matrix or 
OPyC

• Eliminate slow release of 90Sr and 154Eu from 
matrix, so release through SiC can be 
measured

110mAg deposition cup collection rate for AGR-1 
Compact 4-2-2 (Hunn et al. 2015)[1]

[1] Hunn et al., PIE ON SAFETY-TESTED AGR-1 COMPACT 4-2-2, ORNL/TM-2015/033, 2015.
[2] Hunn et al., TRANSIENT TEMPERATURE TESTING OF AGR-2 UCO COMPACTS 5-1-1, 5-1-2, AND 5-1-3, ORNL/TM-2019/1292, 2019.
[3] Stempien et al., HIGH-TEMPERATURE SAFETY TESTING OF IRRADIATED AGR-1 TRISO FUEL, HTR-2016, INL/CON-16-38210, 2016.
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110mAg fractional release rate for AGR-2 CCCTF 
transient safety test (Hunn et al. 2019)[2]
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[1] Hunn et al., PIE ON SAFETY-TESTED AGR-1 COMPACT 4-2-2, ORNL/TM-2015/033, 2015.
[2] Hunn et al., TRANSIENT TEMPERATURE TESTING OF AGR-2 UCO COMPACTS 5-1-1, 5-1-2, AND 5-1-3, ORNL/TM-2019/1292, 2019.
[3] Stempien et al., HIGH-TEMPERATURE SAFETY TESTING OF IRRADIATED AGR-1 TRISO FUEL, HTR-2016, INL/CON-16-38210, 2016.
[4] R.N. Morris et al., “Performance of AGR-1 high-temperature reactor fuel during post-irradiation heating tests,” Nucl. Eng. Des., 306, 24-35 (2016).

AGR-1 Compact 6-2-1 Fractional release (1600oC, 
300 h) showing initial release and slow continuous 
release of FPs presumed to be in matrix[4]



Long term testing overview

• Completed planned testing and submission of 
Level 2 milestone report 
– September 2020 (ORNL/TM-2020/1715)
– Milestone (M2AT-20IN030401044) 

• The effort captured testing development across 
conditions of interest to long term release 
behavior of select FPs
– Completed 1150, 1300, and 1600°C for 100, 500, 1000, and 1500 h 

exposures



Takeaways from long term 
testing
• Refined particle handling and furnace operation 

• Confirmed direct release of 110mAg release below 
1600°C

– Direct release is measured by comparing activity of the same particle pre-
and post-test reported as inventory fraction; measured activity over 
calculated activity per particle (A/C)

• However, analysis was limited after the 4th test by 
110mAg decay (only 4 conditions)

– The first thermal exposure tests were conducted ~1,573 days 
(~6.3 half-lives) after the AGR-2 experiment was removed from 
the reactor

– The 110mAg decay coupled with low-yield results in increased 
uncertainty due to progressively fewer counts above background 
over time and a rising minimum quantifiable limit (LQ) 

• Observations are important to understanding 
and prediction of 110mAg release

• Established approach is ready to explore release 
behavior on “fresh” AGR-5/6/7 particles with 
measurable 110mAg inventory

Pre- and post-test 110mAg A/C for 1,300°C, 100 h (top) and 500 h (bottom) 
exposure, black and red bars identify LQ range for pre-test and post-test 
respectively



FITT oxidization testing: What tests are required to 
produce data which meet the program’s needs?
• Examine particle failure rate and time to failure as a function of 

oxidation conditions – stability of particles under accident 
conditions

– Expose AGR-2 particles to oxidizing condition to determine failure rate of 
particles

– Use IMGA to measure 137Cs/144Ce inventory to indicate TRISO particle failure
– Use conservative KORA results [1] as a baseline for initial testing

• Basic understanding of irradiated TRISO SiC oxidation
– Assumption: irradiated SiC oxidation behavior is not significantly different 

than unirradiated SiC especially in passive regime
– Not necessarily true: “The oxidation process is accelerated by the presence 

of impurities and residual sintering additives which affect the microstructure of 
the protective SiO2 scale” [2]

– Non-negligible impurity concentration present in SiC layer (e.g. FP and 
transmutation products such as P for high burnup particles)

[1] Moormann, et al., “Phenomenology of Graphite Burning In Massive Air Ingress Accidents,” HTR2006.
[2] Singhal and Lange, Effect of Alumina Content on the Oxidation of Hot‐Pressed Silicon Carbide, J. Am. Ceram. Soc. 58 (1975) 433.



Design modification was implemented to support sample 
loading and handling challenges identified by IFEL 
operators
• FITT design was initially 

implemented to support long 
term thermal exposures of 
intact TRISO particles (closed-
bottom tube)

• This constraint limited deigns 
and handling of loose particles
– Final design consisted of a 3D printed 

SiC holder densified by SiC CVI (high 
purity β-SiC)

– Particles are loaded in one side for each 
variant then loaded in an alumina cup 
and inserted in the primary tube

– Modified end cap was constructed to 
deliver oxidant to system

3D printed β-SiC holder

Al2O3 primary tube



Developed and documented test plan for oxidation testing

• Target burn-back particles, expect significant failure based on KORA results

• Test conditions: Flow rate <100 ml/min at ~1 atm and 5 °C/min ramp rate selected to 
push system capability 

– KORA tests ~500 mL/min at ~1.28 atm and  ~1–2 °C/min ramp
– Shake down test (1400°C, 50 h)on surrogate TRISO showed oxide thicknesses on the order of those 

reported in literature (Liu et al. 2014)

• Expect increased failure fraction based on SiC thinning (PARFUME [1]) ~8–16 µm of SiO2

• Four tests at 1400°C were planned for FY21 and have been completed with post-test 
analysis in progress

Compact/TAVA/BU (%FIMA)* Temperature Atmosphere T1 T2 T3 T4

AGR-2 542 / 1071oC / 12.03 %FIMA 1200oC 21% O2 (Bal. N2) 400 h

AGR-2 542 / 1071oC / 12.03 %FIMA 1400oC 21% O2 (Bal. N2) 50 h 100 h 200 h 400 h

AGR-2 542 / 1071oC / 12.03 %FIMA 1400oC 2% O2 (Bal. He) 400 h

*All tests include a control particle set of burn-back as-fabricated particles, Indicates completed

[1] Skerjanc, Maki, Collin, Petti, “Evaluation of design parameters for TRISO-coated fuel particles to establish manufacturing critical limits using PARFUME,” Journal of Nuclear 
Materials 469 (2016) 99–105.



• Test conditions allow for failure rate determination and oxide growth rate kinetics in irradiated 
versus unirradiated TRISO fuel

• Measure failure fraction
− Irradiated Microsphere Gamma Analyzer (IMGA) to measure post-test activity of well-

retained fission products (e.g. 137Cs)
− Approach is used to identify acute failure or compromised SiC layer

• Oxidation response
− Surface imaging – microstructure and surface features of oxide layer
− Direct measurement of oxide thickness via focused ion beam (FIB) cross-sectioning
− Examine three locations from three unique particles
− FIB lift outs of select locations targeted to learn more about oxide structure and composition 

using follow-on Scanning Transmission Electron Microscopy (STEM) and other coupled 
techniques

Oxidation testing analysis approach

13



IMGA analysis to identify failure in intact particles 

• Particle failure rates have been measured for 1400°C 50, 100, 200 h runs
• 400 h test is complete, and particles are awaiting unloading in glove box in IFEL
• Failure appears binary: complete failure or no failure at all

− One possible 137Cs “leaker” in 100 h exposure measured versus calculated (M/C) was lower than the 
the minimum (0.85) measured for the as-irradiated case

M/C = 0.84



Particle failure fraction as a function of exposure time

• No apparent bias in failure between unirradiated and irradiated particles
− Suggests failure is not inherent to irradiation status (impact of handling or experiment setup?)
− One particle was lost during IMGA counting of 1400°C, 100 h exposure

• High failure rate than KORA tests suggests and no clear bias between particle subsets suggest failure may 
be impacted by burn-back status and test setup.

13/20 particles 
survived the 400 h 
the breakdown 
between unirradiated 
and irradiated is TBD

10% failure at 1400 ° C, 
400 h in KORA test



50 h Particles
Unirradiated Sample

Irradiated Sample Variation in oxide structure

Pt Cap

Oxide

Bulk SiC



100 h Particles
Unirradiated Sample

Irradiated Sample Contact point with SiC holder?



100 h Particles –
Secondary Oxide Layer

• Amorphous oxide layer at presumed bottom of particle
• Lift-out samples have been extracted to confirm 

composition and structure of layer
• Buried layer is of similar thickness to uniform oxide layer
• Open questions exist relative to the cause of this 

secondary oxide layer which requires further study



Oxidation Thickness Test Method

• A trench is made from an ion beam 
approximately 30 μm wide and 15-20 μm 
deep, and SEM images are collected of the 
uniform exposed region, showing an oxide 
layer.

• An assisted drawing tool developed by G. 
Helmreich is used to find the oxide interface 
and calculate its thickness. 
– A rotation angle is calculated and applied 
– The thickness measurement is made based on an assisted hand 

drawing and corrections, with many datapoints being used to 
find a mean layer thickness

– >1000 thickness measurements for each cross-section



FITT Particle Oxide Thickness Analysis

Sample Min. Thickness (μm) Max. Thickness (μm) Average ± 1𝞂𝞂 (μm)

Unirradiated, 1400°C, 50 h 1.03 2.94 1.67 ± 0.27
Irradiated, 1400°C, 50 h 1.09 2.31 1.64 ± 0.17
Unirradiated, 1400°C, 100 h 1.67 2.72 2.20 ± 0.22
Irradiated, 1400°C, 100 h 1.32 2.44 1.79 ± 0.22

• Thickness measured in “uniform” 
region of particles

• Oxide thickness is slightly lower 
than results reported by Liu et 
al. 2014 [1]

– Impact of experimental design?

• Possible deviation in oxidation 
behavior between unirradiated 
and irradiated variants at 100 h 

[1] Liu et al., High temperature oxidation behavior of SiC coating in TRISO coated particles, Journal of Nuclear Materials 453 (2014) 107–114.



STEM Analysis will be used to study layer composition

• STEM Analysis will focus on 
variation and structure of the 
oxide layers and the SiC/oxide 
interface
– Differences in layer composition between 

irradiated and unirradiated samples
– Differences in primary and secondary oxide 

layer composition

• STEM analysis is targeted to be 
completed on particles from 
each exposure condition 
(unirradiated & irradiated)



Discussion (oxidation testing)

• No clear bias in particle failure fraction between irradiated and 
unirradiated burned-back particles and an apparent binary failure 
response

• There is an apparent influence of the particle orientation/contact point 
and/or spherical nature on oxidation response 
– Secondary oxide layer on parts of the 100 h particles, likely near where they are sitting on the holder.

• Clear deviation between the oxide layer surface on the unirradiated and 
irradiated samples (SEM images) suggests different response of irradiated 
SiC to oxidation 
– Oxide layer thickness suggests slower kinetics for irradiated TRISO SiC in 100 h exposure

• 200 and 400 h particles are still under investigation, and results should 
provide critical information on failure rate and oxidation response



Questions?

• This work was sponsored by the US Department of Energy 
Office of Nuclear Energy through as part of the Advanced 
Gas Reactor Fuel Development and Qualification 
Program.

• This manuscript has been authored by UT-Battelle, LLC, 
under contract DE-AC05-00OR22725 with the US 
Department of Energy (DOE). The US government retains 
and the publisher, by accepting the article for publication, 
acknowledges that the US government retains a 
nonexclusive, paid-up, irrevocable, worldwide license to 
publish or reproduce the published form of this 
manuscript, or allow others to do so, for US government 
purposes. DOE will provide public access to these results of 
federally sponsored research in accordance with the DOE 
Public Access Plan (http://energy.gov/downloads/doe-
public-access-plan).

Tyler Gerczak, ORNL
gerczaktj@ornl.gov

Results to be distributed in FY21 milestone report

http://energy.gov/downloads/doe-public-access-plan


Oxidation of TRISO SiC

• zx

Limit of FITT testing (21% O2)

Presser and Nickel 2008 [3]

~2.25 µm @ 1600oC 

~2 µm @ 1400oC, 50 h 

~16 µm @ 1400oC, 400 h 

Isothermal: 1400 oC

Oxide thickness formed on SiC layer of TRISO particle exposed to air [1]

Isochronal: 4 h

[2]

Prior literature to guide testing

[1] Liu et al., High temperature oxidation behavior of SiC coating in TRISO coated particles, Journal of Nuclear Materials 453 (2014) 107–114.
[2] Moormann et al., “Phenomenology of Graphite Burning In Massive Air Ingress Accidents,” HTR2006.
[3] Presser and Nickel, "Silica on Silicon Carbide", Critical Reviews in Solid State and Materials Sciences, 33:1, 2008, 1–99.
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