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1.2 FROM THE DIRECTOR

It’s a great pleasure to open the 
2022 Advanced Fuels Campaign 
(AFC) Accomplishments Report. 

While a report of this type is, by 
necessity, unable to comprehensively 
capture all the accomplishments 
made by this long standing, nation-
ally relevant research and develop-
ment (R&D) program, it is my hope 
that it reflects the quality and talent 
of the remarkable people that staff it 
and the world class scientific facili-
ties they wield. Even in the face of 
a pandemic that curtailed many of 
our personal and collective routines 
for the two years prior and much of 
FY22, impactful research continued 
and the summaries that follow in this 
report provide clear evidence.  

The mission of the AFC is to 
perform or support research, 
development, and demonstration 
activities that identify and mature 
innovative fuels, cladding materials, 
and associated technologies with 
the potential to improve the perfor-
mance and enhance the safety of 
current and future reactors; increase 
the efficient utilization of nuclear 
energy resources; contribute to 
enhancing proliferation resistance 
of the nuclear fuel cycle; and address 
challenges related to waste manage-
ment and ultimate disposal.  

AFC pursues its mission objectives 
using a goal-oriented, science-based 
approach that seeks to establish 
a fundamental understanding of 
fuel and cladding behaviors under 
conditions that arise during fabrica-
tion, normal steady-state irradiation, 

off-normal transient scenarios, and 
storage/disposal. This approach 
includes advancing the theoretical 
understanding of fuel behavior, 
conducting fundamental and integral 
experiments, and supporting the 
mechanistic, multi-scale modeling 
of nuclear fuels to inform and 
guide fuel development projects, 
advance the technological readiness 
of promising fuel candidates, and 
ultimately support fuel qualification 
and licensing initiatives.  

This methodology is built on a 
foundation of ‘analytical experiments’ 
that merge advanced modeling and 
simulation with modern data-rich 
experimental methods to investigate 
the dominant physical phenomena 
associated with a given fuel system 
as necessary to drive its development 
to completion. AFC researchers 
utilize and evolve the nation’s most 
important nuclear materials research 
capabilities, a comprehensive nuclear 
fuels testbed that spans multiple 
national laboratories, to serve this 
mission. These capabilities range 
from the world’s premier nuclear 
materials test reactors - Advanced 
Test Reactor (ATR), High Flux Isotope 
Reactor (HFIR), and Transient Reactor 
Test Facility (TREAT) to state-of-the-
art materials science instruments and 
manufacturing technologies. AFC 
works in close partnership with the 
Nuclear Energy Advanced Modeling 
and Simulation (NEAMS) program 
to implement advanced tools for 
modeling and simulation by collabo-
rating on development of mechanistic 
fuel behavior models and conducting 

Daniel Wachs 
National Technical Director 

(208) 526-6393 
daniel.wachs@inl.gov
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experimental studies that inform 
and support assessment of its most 
advanced tools. AFC will also work 
closely with the Advanced Sensors 
and Instruments (ASI) program to 
develop and deploy new sensors and 
instruments in experiments that 
will allow researchers to directly 
observe the evolution of materials in 
representative severe environments. 
This represents a massive leap beyond 
the irradiate and observe model used 
historically to develop and qualify 
nuclear fuels (colloquially referred to 
as ‘cook and look’).  

As an early adopter of these meth-
odologies and tools, AFC is applying 
them to a variety of fuel develop-
ment and qualification initiatives 
that crosscut the national nuclear 
research enterprise.  Specifically, 
AFC objectives in the coming five-
year horizon include: 

1. Support the industry-led devel-
opment of Accident Tolerant 
Fuel (ATF) technologies with 
improved reliability and per-
formance under normal opera-
tions and enhanced tolerance to 
design basis and severe accident 
scenarios. This effort is expected 
to culminate with implementa-
tion of batch reloads of one or 
more near-term ATF concept(s) 
in commercial reactor(s) in the 
mid-2020’s; 

2. Collaborate with industry and 
regulatory community to per-
form the R&D necessary to sup-
port extending the burnup of 
current commercial light water 

reactor fuels from 62 to 75 GWd/
MTU by 2026; 

3. Lead research and development 
on innovative fuel and cladding 
technologies with applications 
to future advanced reactors, 
especially metallic fuels for fast-
spectrum reactors, including 
reactors that utilize both once-
through and recycle approaches 
to the fuel cycle; 

4. Continue the development and 
demonstration of a multi-scale, 
science-based approach to fuel 
development and testing, and 
contribute to the establishment 
of a state-of-the-art R&D infra-
structure necessary to accelerate 
the development of new fuel 
concepts; and 

5. Collaborate with NEAMS and 
ASI on the execution of ‘analyti-
cal experiments’ that result in 
mechanistic fuel behavior and 
subsequent development and 
validation of multi-scale, multi-
physics. Ultimately leading to 
increasingly predictive fuel 
performance models and codes. 

Considering these critical missions, 
the AFC program is clearly a foun-
dational component of the nuclear 
energy community’s response to 
increasing clean energy demand. 

Sincerely,

 Dan Wachs 
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Before ATF 
In 2009, at the suggestion of Kemal 
Pasamehmetoglu, our National 
Technology Director at that time, we 
issued a call to our nuclear labora-
tories for innovative nuclear fuels 
proposals. This started a two-year 
effort in which we evaluated quite 
a few very interested ideas and ulti-
mately funded a few, but which also 
had significant industrial participa-
tion via a working group set up to 
effect the performance aspect of the 
effort. Fortuitously, this working 
group included the three light water 
reactor (LWR) fuel supply compa-
nies who later became the industry 
mainstay of our Accident Tolerant 
Fuel (ATF) program.

On March 16, 2011, a week after 
the Fukushima accident, during 
a routine working group status 
meeting, we unanimously agreed 
to change the focus of our working 
group from enhanced fuel perfor-
mance to enhanced accident toler-
ance. Therefore, we were fortunate 
to be able to hit the ground running 
when Congress in 2012 gave Depart-
ment of Energy (DOE) guidance to “…
report to the Committee, within 90 
days of enactment of the act, on its 
plan for development of meltdown 
resistant fuels leading to reactor 
testing and utilization by 2020.”

And Then There Was ATF
Although it was not until March 
2015 before we delivered a fully 
government cleared report back 
to Congress, in 2013 we were 
able to effect a fully active ATF 
program with involvement of our 
key national laboratories, three 
key LWR fuel vendors, as well 
as effect important national and 
international cooperations. A 2014 
Nuclear Regulatory Commission 
(NRC)–DOE Nuclear Safety Research 
MOU (ML14072A366) was modified 
with an addendum in 2017 to cover 
ATF safety research (ML17130A815). 
In 2014, under guidance of Kemal 
Pasamehmetoglu, Shannon Bragg-
Sitton, and Jon Carmack we initiated 
socializing our ATF strategy with 
the Paris based Organisation for 
Economic Co-operation and Devel-
opment (OECD) Nuclear Energy 
Agency (NEA), which resulted in a 
367-page 2018 state-of-the art report 
on Light Water Reactor Accident-
Tolerant Fuels (OECD 2018, NEA 
No. 7317). Significant involvement 
was also initiated in the US with the 
Nuclear Energy Institute, and the 
Electric Power Research Institute. In 
the last 10 years we have also had 
major involvement with numerous 
US universities as well as involve-
ment with several important inter-
national nuclear energy initiatives 
in Europe, Russia, China, and Japan.

1.3 ACCIDENT TOLERANT FUELS — A PERSPECTIVE BY FRANK GOLDNER
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Figure 1. Accident Tolerant Fuel 
Related Activities Around the Time of 
the Fukushima Event

We Have Accomplished Much in 
Ten Years
I think we can all be very proud of 
how much we have accomplished 
since inception of the ATF program, 
a mere 10 years ago, including:

• ATF vendor candidates having 
effected lead rods irradiations in 
8 commercial reactors, including 
one fully loaded Lead Test 
Assembly (LTA).

• Affected testing facility expansions 
at our main nuclear laboratories, 
including reactivation of Transient 
Reactor Test Facility (TREAT) and 

significant capability expansions of 
Advanced Test Reactor (ATR) and 
High Flux Isotope Reactor (HFIR).

• Influenced the creation of ATF 
programs in most major nuclear 
countries, and continued support 
of ATF programs in the Interna-
tional Atomic Energy Agency 
(IAEA) and the Nuclear Energy 
Agency (NEA).

• Support of US universities via the 
Nuclear Energy University Project 
(NEUP) process, benefitting many 
students in their degree work and 
future job possibilities, while pro-
viding useful info to our program.

FY2010

Enhanced Performance Enhanced Accident Tolerance Phase I - R&D

FY2011 FY2012 FY2013 FY2014 FY2015

Innovative fuels call for the 
national labs

• MAX-Phase or other 
coatings on Zircaloy

• SiC cladding
• FCM fuels for long-term
• UN - focus on solving 

water compatibility

(March 16, 2011)
Working Group: topic changed to 
enhanced accident tolerant fuels

Attributes / Metrics and R&D coordination and 
collaboration meetings

3 - Industry ATF FOAs 
3 - University IRPs initiated

Industry ATF FOAs renewed(March 11, 2011)
Fukushima Events

(> Feb 10, 2015)
ATF-1 irradiation initiated 
in Advanced Test Reactor

Senate language on accident 
tolerant fuels

Actions:
• Initiated ATF at DOE Labs
• Initiated ATF NEUP projects
• Issued FOA for Industry led 

ATF projects
• Issued call for University led 

ATF IRPs
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Figure 2. 2015 Report To Congress (RTC)
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• Success via the Small Business 
Innovation Research (SBIR) 
process of several Small Business 
Industrial developments, espe-
cially in the advanced clad devel-
opment areas, such as related to 
silicon carbide and deposition of 
advanced clad coatings.

• Direct support of computer code 
modelling development at our 
national laboratories, the NRC  
and US industries.

The Future - Full of  
Possibilities for ATF Ideas 
to Impact LWR and non-LWR 
Developed Needs:

LWR Fuels:
Long-term advanced LWR fuel designs, 
s.a. non-zircaloy-clad concepts.

• Coolant chemistry issues, such as 
corrosion and crud formation.

• Reactor power uprates with  
associated fuel assembly  
design improvements.

Figure 3. Strategic Overview in the RTC

PHASE 1 
Feasibility

PHASE 2 
Development / Quali�cation

PHASE 3 
Commercialization

Feasibility studies on advanced fuel and clad 
concepts: bench-scale fabrication, irradiation tests, 
steam ractions, mechanical properties, furnace 
tests, modeling

Industry led projects 
(Phase 1a)

Industry led projects 
(Phase 1b)

Industry led projects (Phase 2)

Fuel Safety Basis

Fuel Performance Code

LOCA / Furnace Tests

Transient Irradiation Tests

Steady State Loop and Capsule Tests

Assessment of new concepts: impact on economics, fuel 
cycle, operations, safety envelope, and environment

Workshops Fuel Selection LFA / LFR Ready

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
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• Advanced Fuel Cycle possibilities to 
further improve resource utilization.

• And always, safety enhancing 
feature developments.

Nuclear Reactors Fuels in 
General:
When one looks at the plethora of 
advanced reactor types and potential 
applications it seems intuitively 
obvious that ATF developments 
with associated lab capabilities and 
computer models can have a signifi-
cant impact on our nation’s energy 
development needs, in areas we are 
only now beginning to explore, or 
dream of.

Reference:
IAEA Advances in Small  
Modular Reactor Technology  
Developments, 2020

End Note:
I am honored to have been associated 
with this impressive program and 
the wonderful and brilliant people 
that have been, are currently, and 
will be involved in, as it continues to 
develop its possibilities and contribu-
tion to the sustainability and benefi-
cial use of nuclear energy.

FG, 2022

Figure 4. Temperature Ranges of 
Small Modular Reactor (SMR) Designs 

& Corresponding Non-Electric 
Applications (Ref: IAEA Advances in 
Small Modular Reactor Technology 

Developments, 2020)
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Blast furnace steel making
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Liquid metal cooled reactors

Sodium-cooled fast reactors

Supercritical water-cooled reactors

Molten salt reactors

Gas-cooled fast reactors

Very high temperature reactors
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1.4 CAPABILITIES

A fully prototypic testing 
platform for testing new 
light water reactor (LWR) 

accident tolerant fuel (ATF) designs 
has been established in a pressurized 
water loop in the center flux trap of 
Idaho National Laboratory’s (INL’s) 
Advanced Test Reactor (ATR). The 
irradiation experiment, named ATF-2, 
has completed seven cycles of proto-
typic steady-state irradiation of 45 test 
pins to burnups as high as 30 MWd/
kgU. Irradiation conditions have been 
maintained via the Loop-2A pressur-
ized water coolant loop and power 
and fast-neutron flux histories of each 
of the fueled forty-one test pins has 
been calculated using a combined 
Monte Carlo N-Particle (MCNP) and 
ORIGEN methodology.

Project Description:
The experiment design was required 
to support the irradiation testing 
needs of multiple ATF developers 
(e.g., fuel vendors)—all of whom 
have slightly different technologies, 
development timetables, and irradia-
tion testing needs. To accommodate 
these changing test plans, the ATF-2 
test train was designed with six tiers 
that are arranged axially over the 
length of the core. The incore portion 
of the Loop-2A in-pile tube is approxi-
mately 122 cm tall, with a maximum 
test train diameter of 4.34 cm. The 
ATF-2 test train fills this diameter and 
consists of six tiers that are arranged 
axially in the core, each of which 

contains a 2 × 3 array of test pins. The 
tiers are numbered 1–6, with Tier 1 
at the bottom and Tier 6 at the top. 
At various times, two of the tiers are 
combined so that longer test pins can 
be irradiated. The six tiers are joined 
together with dovetail joints and held 
in place by spring clamps. The flow 
area in the tiers when configured with 
standard 17 × 17 pressurized water 
reactor (PWR)-sized fuel pins is ~2.677 
cm2. This arrangement allows for the 
disassembly of the test train in the 
ATR canal so that individual test pins 
can be removed at various times in 
their irradiation life and be replaced 
with new fresh pins. The entire design 
is modular, thus allowing for large 
reconfigurable test matrixes.

Accomplishments:
ATF-2 has irradiated 41 integral fuel 
test pins and 4 unfueled test pins for 
a total of 45 test pins. The irradiation 
involved 16 test pins with baseline Zr 
alloys, 23 coated-Zr alloys, and 6 test 
pins with iron-chromium-aluminum 
(FeCrAl) alloys. All the integral 
fueled test pins contained UO2 fuel 
pellets enriched to between 4.9 and 
4.95% U-235 and heavy metal densi-
ties between 10.4 and 10.5 grams/
cm3. Some UO2 pellets contained 
sintering additives to increase their 
grain size and provide both improved 
fission-gas retention and better pellet 
plasticity at high-temperature.

The ATF-2 irradiation has completed 
seven steady-state ATR cycles,  

ATF-2 Historical Accomplishments
Principal Investigator: David Kamerman 
Team Members/ Collaborator: Brian Durtschi, Nicolas Woolstenhulme, Bryon Curnutt, Travis Labossiere-Hickman,  
Richard Skifton, Fabiola Cappia

With less than half 
of the reactors that 
were available in the 
past, the United States 
LWR Testbed stands 
poised to support 
the same diversity of 
test conditions and 
data needs to support 
development of 
advanced LWR fuels  
and materials.
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beginning with Cycle 164A on  
June 12, 2018, and concluding with 
Cycle 169A on April 23, 2021. The 
first two cycles were irradiated with 
lower coolant temperatures (~250°C) 
and pressures (13.5 MPa) on the lower 
end of prototypic PWR operating 
conditions. These were increased to 
their present values of 285°C and 15.5 
MPa in cycle 166A in July of 2019. 
At the start of Cycle 166B irradiation 
(November 2019), 7 of the baseline 
Zr alloy pins and 3 of the coated Zr 
alloy pins were removed. These were 
replaced with boiling water reactor 
(BWR)- sized pins. Prior to the start of 
Cycle 168A in April of 2020, another 
minor reconfiguration was made to 
remove two additional baseline Zr 
alloy pins and three Cr-coated Zr alloy 
test pins. After Cycle 169A in April of 
2021, three baseline Zr alloy pins, 13 
coated Zr alloy pins, and 12 BWR-sized 
FeCrAl pins all were removed from 
the ATF-2 test train. Following their 
removal, the test pins were shipped to 
INL’s Hot Fuels Examination Facility 
(HFEF), where they were subjected 
to nondestructive and destructive 
examination to determine how they 
performed in-pile.

Power histories, neutron fluxes, and 
test pin depletions were calculated 
for each cycle using a coupled 
MCNP and ORIGEN methodology. 
An MCNP Type 7 fission-energy 
(F7) tally is used to calculate an 
energy deposition value in terms of 
MeV/g per source neutron. MCNP 
Type 4 flux (F4) tallies are used to 
calculate the total flux, thermal flux 
(<0.625 eV), and fast flux (>1 MeV). 
The MCNP-calculated heat rates are 
fed into an ORIGEN input file and 
depleted over a given time interval. 

Linear heat rates for the test varied 
from 200 W/cm to 450 W/cm. Peak 
burnups reached were 30 GWd/MTU 
and peak fast fluences in the cladding 
were 4.9e25 n/cm2. Test pin examina-
tion data has been sent to all three 
U.S. fuel vendors and is being used in 
the development of their ATF prod-
ucts including licensing activities.

Many ATF developers have begun 
to rely more heavily on lead test 
assembly (LTA) irradiations in 
commercial reactors of their coated 
Zircaloy ATF technology. Thus, 
the goals of the ATF-2 mission 
are evolving again to: (1) provide 
continued irradiation of the small 
number of pins from the initial irra-
diation that require continued irra-
diation to high burnup; (2) support 
the irradiation of more novel ATF 
technologies, such as silicon carbide 
composite (SiC-SiC) cladding; and 
(3) provide test space for the condi-
tioning of refabricated pins from 
commercial reactor irradiations prior 
to transient testing in INL’s Transient 
Reactor Test Facility (TREAT).

Figure 1. In-Core portion of the ATF-2 
test train

Figure 2. Irradiated ATF-2 test pins 
prior to destructive PIE
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Chromium-doped UO2 fuels is an 
industrially important Acci-
dent Tolerant Fuel (ATF) due 

to the ability to increase the average 
grain size relative to standard UO2. 
However, there is a lack of knowledge 
of the thermophysical properties of 
these doped fuels, which is necessary 
for accurately modeling the in-pile 
performance. The work accomplished 
this fiscal year focused on developing 
large grain Cr-doped UO2 pellets as 
a function of Cr content and subse-
quently measuring the thermophys-
ical and mechanical properties. The 
microstructural variations were also 
investigated to evaluate chromium 
formation within the microstructure 
of the sintered pellets.

Project Description:
Both the Nuclear Regulatory Commis-
sion (NRC) and the Nuclear Energy 
Advanced Modeling and Simulations 
(NEAMS) program need thermo-
physical and thermomechanical data 
of the Cr-doped UO2 system in order 
to validate information provided by 
industry. Because the data provided 
by industry is controlled as propri-
etary information, NEAMS is not 
able to use these data sets to develop 
codes to study the performance. To 
make this data widely available, 
Los Alamos National Laboratory 
(LANL) is working on fabricating 
Cr-doped, large grain UO2 pellets 
and has collected measurements on 

the thermophysical properties. In 
particular, the thermal conductivity is 
of interest due to the high importance 
of this property for the safety of light 
water reactor (LWR) fuels. Although 
the fabrication of the industry doped 
fuel concepts is proprietary, LANL has 
spent significant efforts in past years 
to develop a fabrication procedure 
to produce analogous samples. This 
includes carefully controlling the 
sintering atmosphere and chromium 
content to fabricate fuels with large 
average grain sizes, which has been 
found to be > 28 µm and is dependent 
on the Cr concentration. The informa-
tion from these measurements will 
be fed into modeling efforts through 
NEAMS to understand the perfor-
mance of these fuels under irradiation.

There has been particular interest on 
the location of the Cr after sintering, 
which has been hypothesized to either 
accumulate at the grain boundaries 
or may be incorporated into the UO2 
lattice. The former has been inferred 
from X-ray diffraction (XRD) patterns, 
which is seen as a contraction of the 
lattice parameter. The Cr content, 
oxidation state, and location have 
implications on the fission gas release 
of the doped fuels upon irradiation. 
The work accomplished here will be 
unified into fuel performance code 
simulations of the doped fuels to 
assist in validating commercial codes 
provided by industry partners.

Fabrication and Thermophysical Properties Evolution  
in Chromium-doped UO2
Principal Investigator: Adrien J. Terricabras 
Team Members/ Collaborator: Joshua T. White, Scarlett Widgeon Paisner, Darrin D. Byler

Figure 1. Grain morphologies of a) 750 
ppm and b) 2500 ppm Cr-doped UO2 

as observed under SEM following 
thermal etching

2.1 LWR FUEL FABRICATION AND PROPERTIES
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Figure 2. Thermal conductivity 
evolution of 750 ppm and 2500 ppm 
Cr-doped UO2 from 50 to 1000 °C

Accomplishments:
The work supported under this work 
package has resulted in three mile-
stone reports, M3FT-22LA020201018 
(submitted March 2022), M3FT-
22LA020201013 (submitted March 
2022) and M2FT-22LA020201011 (to 
be submitted September 2022). The 
work accomplished here involves 
sintering of Cr-doped UO2 pellets 
with Cr concentrations ranging from 
750 to 7800 ppm Cr. Inductively 
coupled plasma mass spectrometry 
(ICP-MS) was collected before and 
after sintering to determine any Cr 
loss during sintering. The sintered 
pellets have densities > 94.5 percent 
theoretical density (%TD) and post 
sintering XRD patterns show only 
peaks from UO2. There is a small shift 
towards lower angles with increasing 
Cr content, which indicates a contrac-
tion of the lattice with higher Cr 
contents. This indicates that Cr is 
being dissolved into the UO2 lattice 
as opposed to forming a secondary 
phase. Scanning electron microscopy 
(SEM) images and energy dispersive 
X-Ray (EDX) spectroscopy show that 
at higher Cr contents, Cr2O3 does 
precipitate out as a secondary phase 
and indicates that Cr is only dissolved 
into the lattice up until a threshold 
level, after which the secondary phase 
is seen. The precipitates are found 
within the grains as opposed to being 
located at the grain boundaries.

The average grain size in the doped 
UO2 sintered pellets was measured 
and show increases in the grain 
sizes with increasing Cr content, 
as is shown in Figure 1. The 750 
and 2500 ppm Cr-doped pellets 

revealed grain sizes of 28.2 ± 2.3 µm 
and 41.5 ± 3.8 µm, respectively. For 
comparison, the average grain size 
of standard, undoped UO2 is ~10 
µm. The sintered pellets were used 
to measure heat capacity, thermal 
expansion, density, and thermal 
diffusivity of the Cr-doped materials. 
These measurements were used to 
calculate the thermal conductivity 
as a function of temperature and 
were compared to that of standard 
UO2 published in 2008 by Fink. 
The results show that the thermal 
conductivity decreases at higher 
temperature and likely results 
from the phonon scattering due to 
Cr dopants in the UO2 lattice. The 
results are shown in the attached 
Figure 2. Doped and undoped 
large grain UO2 were fabricated 
and shipped to High Flux Isotope 
Reactor (HFIR) for irradiation tests.

Cr-doped UO2 shows 
an increase in grain 
size and also shows 
changes in the thermal 
conductivity relative 
to UO2, which will be 
used to model in-pile 
performance.
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High burnup (HBu) fuel rods 
using uranium dioxide 
under loss-of-coolant 

accident (LOCA) testing present a 
phenomenon known as fuel frag-
mentation relocation and dispersal 
(FFRD), in which LOCA-tested fuel 
with sufficiently HBu suffer frag-
mentation and pulverization. Also 
called high burnup fuel fragmenta-
tion (HBFF), pulverized fuel results 
in a sand-like consistency and could 
prove dangerous due to its ability to 
relocate into the cladding balloon 
region of the fuel and potentially 
disperse from cladding under 
rupture conditions. Previous engi-
neering scale studies determined 
cladding behavior, pellet history, 
and LOCA test conditions all directly 
impact pulverization severity, but do 
not explain the mechanism driving 
pulverization. Additional studies 

indicate microstructure and fission 
gas release play a role in HBFF, 
as experimental results indicate 
Fission Gas Release (FGR) leads to 
fuel fragmentation and pulverization. 
To better understand the role micro-
structure plays in HBFF, advanced 
microscopy techniques are used 
to assess HBu fuel before and after 
simulated LOCA testing.

Project Description:
Commercial UO2 fuel rods before 
and after simulated LOCA testing 
were explored using advanced 
microscopy. Samples were selected 
material irradiated in the North 
Anna powerplant and experienced 
average burnups greater than  
63 GWd/tU. Different burnup struc-
tures were observed across the radial 
cross sections of the fuel. Scanning 
electron microscopy (SEM) was 

Microstructure Evaluation of Pre and Post LOCA HBu Fuel
Principal Investigator: Rachel L. Seibert
Team Members/ Collaborator: Nathan Capps, Casey McKinney, Chad Parish, Tyler Gerczak, Jason Harp, Jesse Werden

Figure 1. Optical micrographs of two fuel 
rods under examination (a) as-irradiated 

and (b) post-simulated LOCA testing. 
Fuel fragmentation is clearly observed 

in the before and after, and the different 
radial zones of the HBu structure are 

also observableas observed under SEM 
following thermal etching

2.2 LWR CORE MATERIALS
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Figure 2. Inverse pole figure maps from each primary region in the HBu structure from the as-irradiated sample showing the 
microstructural and pore variation across the pellet radius
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evaluate porosity and to facilitate 
energy dispersive x-ray spectroscopy 
(EDS) mapping for fission product 
precipitates and electron backscatter 
diffraction (EBSD) to study grain 
structure changes in the material. 
Scanning transmission electron 
microscopy (STEM) coupled with 
EDS was used to assess microstruc-
ture and Xe gas bubble evolution on 
a nanometer scale at selected regions 
across the fuel pin. Microscopy was 
conducted to better understand HBu 
structure and its effect on fragmen-
tation, and to better understand the 
possible driving mechanisms of HBu 
structure restructuring.

Accomplishments:
Restructuring found in the fuel central 
region is suggested to be partially 
caused by the bubbles in the region. 
This is supported by the strong 
correlation between low angle grain 
boundaries (LAGBs) and porosity 
size and shape. It is suggested that 
temperature has a stronger effect than 
burnup across an individual fuel pin, 
making it probable that the clean-
grained central region of the fuel is the 
result of higher temperatures wiping 
out the LAGBs and LAGB-forming 
structures (dislocations) from this 
region. Future work intends to run 
simulations to assess the impact of 

Figure 3. STEM/EDS map from the 
as-irradiated sample indicating 

Xe bubbles (red) along grain 
boundaries and intragranularly 

along the sample liftout at various 
distances from the fuel/cladding 
interface. Yellow precipitates are 
Mo+Tc+Ru, Blue are Rh+Pd, and 

White are five metal particles
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burnup and temperature on these 
samples. A SEM survey of all samples 
showed trends in porosity as a func-
tion of the radial position along the 
fuel pin. The position is defined by 
the ratio of the radial position (r) to 
the radius of the fuel pellet (r0) such 
that the fuel cladding interface is 
defined as r/r0 ~1. The samples exam-
ined showed a decreasing number of 
pores at the fuel/cladding interface 
as a function of LOCA testing. Pores 
are more dense but smaller close to 
the cladding, then again at around r/
r0 ~ 0.5. Between this at r/r0 ~0.75 and 
again close to the fuel center at r/r0 ~ 
< 0.3, there is an increase in average 
pore area, but a decrease in the total 
pore numbers in that region. In the 
regions where the pores are smaller 
but denser, pores are highly circular. 
Five metal precipitates (FMPs) were 
observable in the HBu structure 
of some of the as-irradiated and 
post-LOCA samples via SEM, but 
due to resolution deficiencies was 
not seen in all samples. The FMPs 
in the central regions of the fuel 
began appearing in the restructured 
central region. The results from 
SEM support the theory that there is 
increased diffusion of FMPs at higher 
temperatures. It appears defects and 
FMPs in the hotter central region 
of the fuel have higher mobility 

and allow for mobilization of FMPs 
and the formation of LAGBs. While 
results are still under reinvestiga-
tion due to resolution, they suggest 
burnup also effects distribution 
and mobility of FMPs across the 
central region of the fuel. Addition-
ally, the largest FMPs were found 
near the fuel/cladding interface, 
and again at approximately r/r0 
~0.5 (central restructured region of 
the fuel). Work has been done to 
quantify Xe bubbles in STEM maps 
taken at select regions across the 
fuel pin. Xe bubbles are distributed 
non-uniformly across the fuel pin, 
often appearing at or near grain 
boundaries. No obvious monotomic 
relationship was observed between 
FMPs and Xe bubbles in the samples 
tested. Taken broadly, however, 
FMPs are often associated with fine 
Xe bubbles. Xe bubbles are larger 
farther from the cladding, likely due 
to the higher temperature profile 
and lower generation rate driving 
the nucleation and growth process 
differently. A model has been devel-
oped to quantify the number of atoms 
in Xe bubbles to aid with future fuel 
modeling efforts of Xe evolution and 
safety testing responses.

Analytical microscopy on pre- and post-LOCA tested fuel 
rods has revealed insight on how microstructure may affect 
post-LOCA fuel fragmentation.
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Accident-tolerant fuel 
(ATF) concepts have been 
developed and tested in 

diverse research programs around 
the world. Industry teams have 
developed proprietary coating 
compositions and geometries, but 
knowledge gaps exist in terms 
of the resulting properties of the 
coating and the cladding and how 
those properties affect each other in 
reactor conditions. Steady-state and 
transient BISON coated Zr models 
have improved in recent years, but 
fundamental datasets to validate 
performance predictions are 
limited. The ability of the Advanced 
Fuel Campaign (AFC) to produce 
high-quality Cr coatings of varying 
thicknesses now allows for testing 
of Cr-coated Zr cladding under a 
range of representative conditions 
to expand these datasets. The 
milestone document gives a compre-
hensive summary of the range of 
mechanical testing of coated Zr 
performed in FY 2022.

Project Description:
The AFC augmented the proprietary 
activities undertaken by commercial  
fuel vendors by supporting 
fundamental activities intended 
to understand fundamental perfor-
mance and delineate underlying 
dependencies such as coating 
geometry and integrity effect on 
performance. Having data available 
in the open literature is important 

to inform and benchmark ongoing 
modeling efforts and to facilitate 
dialogue both within AFC, inde-
pendent regulators, and the broader 
international community. The 
work presented compares different 
Cr coating microstructures and 
thicknesses on conventional Zry-4 
claddings. Evaluating the impact 
of thickness, microstructure and 
adherence at the interface is crucial 
to understand how thin coatings 
may impact cladding performance 
under normal operating condition. 
The interface of as-coated claddings 
was characterized to assess coating 
anisotropic texture, grain sizes, 
and chemical composition. Two 
different coating application 
processes were assessed as well 
as coating thickness. Burst tests 
were performed to simulate a 
loss-of-coolant accident on each 
coating thickness to link coating 
thickness and microstructure 
to the mechanical performance. 
Another activity highlighted by the 
Nuclear Regulatory Commission’s 
(NRC) Phenomena Identification 
and Ranking Tables (PIRT) is to 
evaluate the impact of a coating 
flaw on performance. Furthermore, 
the resulting data in the milestone 
report offers guidance to tailor 
coating thickness and microstructure 
to improve corrosion resistance 
and accident performance, without 
interfering from a neutronic 

Summarizing Effect of Coating Thickness and Condition  
on Behavior of Zr Cladding
Principal Investigator: Tim Graening
Team Members/ Collaborator: Mackenzie Ridley, Caleb P. Massey, Ben Garrison, Kory Linton, Andrew Nelson 

Accurate TEM 
investigations of the 
interface bonding 
between Cr-coating and 
Zry-4 cladding provide 
valuable information to 
simulation models.
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Figure 1. Inverse pole figure maps of 
cold-sprayed (left) and HiPIMS (right) 
Cr-coating show a microstructure 
dependence on the coating process. 
The Zry-4 substrate is shown in black 
on the bottom of the micrograph. 
The rest of the image contains 
Cr coating. Because of the highly 
deformed small grains, some areas 
within the Cr coating and on the top 
could not be indexed

perspective. The data generated 
herein will be used to develop 
mechanistic models used to predict 
the mechanical response of coated 
claddings for code-qualification, 
safe application, and lead to additional 
margin of ATFs.

Accomplishments:
A second batch of High-power 
impulse magnetron sputtering 
(HiPIMS) coating claddings were 
produced. Zry-4 cladding surface 
preparation was performed and 
coating parameters were optimized 
to apply an adhesive coating on the 
cladding material to ensure reproduc-
ibility. Scanning electron microscopy 
(SEM) and transmission electron 
microscopy (TEM) were performed  
to characterize the microstructure 
properties of coldsprayed and 

HiPIMS Cr on Zircaloy-4 cladding. 
Electron backscatter diffraction 
(EBSD) was performed on the coated 
material to identify as fabricated 
grain sizes and grain orientation. 
The two application processes were 
compared and the microstructure 
is shown as inverse pole figures in 
Figure 1. Take note of the different 
scale bars. Those results could be 
used to simulate and understand 
the mechanical behavior of coated 
cladding concepts. However, to 
understand how the coating and 
the cladding interaction, the direct 
interface requires additional detailed 
investigation. High Resolution 
Transmission Electron Microscopy 
(HRTEM) methods in particular 
were used to investigate the interface 
region between coating and cladding 
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results suggest minimal impact 
of coating thickness but instead a 
larger impact from the application 
process itself. Those findings need to 
be verified. One important aspect is 
the impact of potential flaws in the 
coating. A simple method to create 
a generic flaw in the coating was 
developed using laser engraving on 
the coating surface. A study of 27 
engraving parameters was conducted 
and parameter sets for successful 
engravings were determined. Some  
of those flaws are highlighted in 
Figure 3. The method can now be 
applied to prepare coated cladding 
with pre-existing flaws before  
future tests.

to identify potential laves phase 
formation (Cr(Fe)2Zr). No Laves phase 
formations were identified in the 
as-coated conditions, even though Fe 
was found at the interface. A stitched 
high-resolution image is shown in 
Figure 2. The Cr lattice structure was 
identified with grain sizes of a few 
ten nanometers in area 3 directly 
located at the interface. Fast Fourier 
Transformation (FFT) images of the 
surrounding areas for each numbered 
areas were used to identify Zr and Cr 
phases. To provide measurable data, 
modified burst tests were performed 
on both materials to assess the 
impact of coating thickness on 
mechanical properties. Preliminary 

Figure 2. Magnified regions of the 
stitched HRTEM image across the 

interface are shown for the highlighted 
areas (1, 2, 3a, 3b, 4, 5, and 6). FFT 

images of the surrounding areas of 
around 2,500 nm2 are shown for areas 

1 through 5. FFT “3 small” is taken 
from a reduced area of 225 nm2 in 

the transition area shown around 3a 
and 3b. FFT 6 was taken from an area 

around 50 nm to the right of this image. 
Scale bars are applicable for each row



2022 | AFC ACCOMPLISHMENTS 33

Figure 3. SEM images of laser engravings in the axial direction of the cladding tube showing different 
damage profiles
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The objective of this study 
is to develop standardized 
methods for nano/micro-

scale tensile and ductility testing of 
irradiated Fe-Cr steels. This project 
is carrying out microstructure-
based benchmarking to ensure 
that the nano/micro-scale tests 
deform by the same mechanisms 
as macro-scale tests. Transmission 
electron microscopic (TEM) in situ 
mechanical testing enables direct 
observation of plastic phenomena 
concurrent to mechanical loading, 
in the region where failure will 
occur. Coupling these experiments 
with multiscale models, we will 
identify the approaches that provide 
consistent deformation mechanisms 
between the nano/micro-scale and 

macro-scale tests, from which we 
will suggest standard practices. We 
focus on FeCrAl alloys and use the 
irradiated microstructure to inform 
finite element and dislocation 
dynamics models, which are then 
used to respectively design and 
interpret the macro-scale and nano/
micro-scale tensile and ductility tests. 
Achieving consistent deformation 
mechanisms will enable establish-
ment of standard practices for nano/
micro-mechanical testing.

Project Description:
This project carries out microstruc-
ture-based benchmarking. The 
only scientifically correct way to 
“benchmark” mechanical tests is to 
ensure that the nano/micro-scale 
tests deform by the same mecha-
nisms as do the macro-scale tests. 
As such, the most effective (and 
cost- and time-efficient) method 
for ensuring consistent deforma-
tion mechanisms is to observe 
plastic phenomena concurrent to 
mechanical loading, and to do so 
precisely in the region where failure 
will occur. TEM in situ mechanical 
testing enables exactly this. It is also 
especially well-suited for ductility 
studies, which rely on high-precision 
displacement measurements at 
regular time intervals throughout 
the test – here, the microstructure 
(from TEM video) can itself serve 
as displacement indicators. We are 
conducting “microstructure-based” 
benchmarking by investigating 
key process parameters for TEM in 

Microstructure-Based Benchmarking for Nano/Microscale  
Tension and Ductility Testing of Irradiated Steels
Principal Investigator: Janelle P. Wharry (Purdue University)
Team Members/ Collaborator: Anter El-Azab (Purdue University), Maxim Gussev (Oak Ridge National Laboratory)

Figure 1. Integration of different 
irradiation induced defects in discrete 

dislocation dynamics simulations: (i) 
fluctuating composition fields showing 
the composition of Cr along with glide 

dislocations, (b) irradiation induced 
defects along with glide dislocations, 

and (c) both composition fields and 
irradiation induced loops along with 

the glide dislocations which are 
expected to change the mechanical 

behavior of the irradiated alloys
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Figure 2. TEM in situ tensile testing 
results from unirradiated and 
irradiated (7 dpa, 357ºC) C35M FeCrAl 
specimens in ⟨101⟩101 oriented 
grains. Stress-strain curves show that 
irradiated specimens exhibit lower 
yield than unirradiated specimens, 
which may be attributed to the size 
effect given the high number densities 
of dislocation loop and Cr-rich 
nanophase separation defects in the 
irradiated material. Still-frames from 
TEM in situ videos are shown upon 
initial loading and at fracture

situ tension and ductility testing. 
Coupling experimental studies with 
dislocation dynamics models, we will 
identify the approaches that provide 
consistent deformation mechanisms 
between the nano/micro-scale and 
macro-scale tests, from which we will 
suggest standard practices.

This project utilizes a multiscale, 
integrated feedback loop between 
models and experiments, to 
ascertain the effects of key experi-
ment parameters on mechanical 
properties. We focus on a ferritic 
Generation II FeCrAl alloy, under 
equivalent neutron and Fe2+ self-ion 
irradiation conditions. Macroscopic 
dogbone tensile specimens exposed 
to 15 displacements per atom (dpa) 
of neutron irradiation are available to 
the team in the necessary geometries, 
along with virgin material for ion 
irradiation. We use the irradiated 
microstructure to inform finite 
element and dislocation dynamics 
models, which are then used to 
respectively design and interpret 
the macro-scale and nano/micro-
scale tensile and ductility tests. 
Achieving consistent deformation 
mechanisms will lead to establish-
ment of standard practices for 
nano/micro-mechanical testing. 
The primary project outcome, 
which is a set of recommended 
guidelines for nano/micro-scale 
mechanical testing, will lead to 
unprecedented reductions in the 
time and cost to qualifying materials 

for in-reactor service, across all 
Department of Energy-Nuclear 
Energy programs.

Accomplishments:
Specimens of C35M and C37M have 
been ion irradiated also to 7 dpa 
at 375ºC. We have characterized 
the as-received and ion irradiated 
microstructures using TEM, to 
reveal a high density of dislocation 
loops and no voids.
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Figure 3. Ph.D. student Caleb Clement loading a specimen into the FEI Themis scanning transmission electron microscopy 
at Purdue
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Figure 4. Ph.D. student Caleb Clement 
and PI Janelle Wharry working on 
the FEI Helios dual-beam focused 
ion beam (FIB) /scanning electron 
microscopy (SEM) at Purdue

We have carried out TEM in situ 
tensile testing on unirradiated 
C37M on the three primary grain 
orientations: [100], [110], and [111]. 
Two tensile tests were conducted 
from [100], two from [110], and one 
from [111]. The TEM in situ tests 
show clear evidence of dislocation 
slip in all three grain orientations. 
However, in the [111] test, even 
though dislocation slip appears to 
occur, the slip does not ultimately 
cause failure of the tensile bar. 
Instead, at a stress ~3.7 GPa, nano-
twin needles appear to form in the 
specimen. With further strain, a 
twin nucleates then widens. The 
tensile bar ultimately fractures 
in the larger twin. We have also 
carried out TEM in situ tensile 
loading on the ion irradiated C37M 
on [100], [110], and [111] grains. All 
of these tensile tests have shown 
clear evidence of dislocation slip, 
with no evidence of deformation 
twinning in the irradiated C37M. 
Surprisingly, however, plastic yield 

appears to occur at a lower stress 
than in the unirradiated material. 
This appearance of irradiation 
softening is inconsistent with the 
irradiated microstructure evolu-
tion and is merely an artifact of 
specimen size effects.

Yield stress, ductility, and elastic 
modulus values appear size-effected 
in the tested specimens. However, 
a notable difference in yield stress 
is observed across the two grain 
orientations, again consistent with 
models. The strain hardening coef-
ficient is determined to be 0.48 in 
[100] grains, and 0.68 in [110] grains. 
These values are also consistent 
with our deformation mechanism 
observations, indicative that slip 
occurs more readily in the [110] 
grains. The stress-strain curve of the 
ion irradiated TEM in situ tensile 
bar on the [111] grain orientation 
shows considerable ductility, but a 
significant number of load drops, 
each of which correspond to clear 
evidence of dislocation-mediated 
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Figure 5. Ph.D. student Haozheng 
Joseph Qu and PI Janelle Wharry 

preparing a specimen for TEM at Purdue

Figure 6. Ph.D. students Haozheng 
Joseph Qu and Caleb Clement loading 

a specimen into the FEI Helios dual-
beam FIB/SEM at Purdue
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events in the TEM in situ video. 
These results confirm the activity 
of dislocation slip.

We have established a simulated 
annealing algorithm for the recon-
struction of the composition maps 
in irradiated FeCrAl, which show 
irradiation-induced α-α' phase 
separation. This composition recon-
struction algorithm has ability to 
be extended to other systems that 
undergo irradiation-induced or 
thermally-induced phase separation; a 
manuscript has just been submitted 
for peer review. This algorithm 
has been coupled to a dislocation 
dynamics model, which can now 
simulate the deformation of the 
irradiated alloy.

Additionally, we developed a compo-
sition-sensitive discrete dislocation 
dynamic based numerical framework 
for predicting the mechanical 
behavior of irradiated FeCrAl 
alloys. The methodology is capable 
of taking into consideration the 
composition fluctuations associated 
with α-α' phase separation behaviors, 
as well as irradiation loops which 
are typically observed during the 
irradiation of FeCrAl alloys. These 
dislocation dynamics models 
inform how microchemistry and 
microstructure introduce spatial 
variations in dislocation mobility, 
and results will be compared against 
TEM in situ tensile tests of irradiated 
samples. Dislocation dynamics 
simulations are currently being 
executed using input parameters 
supplied by TEM in situ tensile 
experiments, including specimen 
dimensions, strain rate, and  
irradiated microstructure.

On a parallel front, we have also 
been investigating the deformation 
mechanisms in FeCrAl alloys 
using molecular dynamics (MD). 
MD work involves investigating 
the atomistic origins of changes 
in the mechanical behavior of 
irradiated FeCrAl alloys. As part 
of the MD efforts, we are trying to 
set up simulations with irradiation 
induced prismatic loops to compare 
the deformation mechanisms as 
compared to the pristine FeCrAl 
alloys. We have also run MD 
simulations of FeCrAl simulation 
boxes of varying sizes, to model 
specimen size variations. These MD 
simulations have been tested with 
Fe and FeCrAl potentials. During 
deformation, MD predicts dislocation 
slip activity in the [110] and [111] 
loading directions, with dislocation 
glide leading to nucleation of 
residual mobile dislocation loops 
near the eventual fracture surface. 
On the other hand, the [100] loading 
direction exhibits a volumetric 
shift that appears to suggest a 
twinning type mechanism. The MD 
simulations have also generated 
dislocation velocity results, which 
are also key input parameters for 
dislocation dynamics calculations.

All experimental efforts have been 
conducted by graduate student 
George Warren, under supervision 
from principal investigator (PI) 
Wharry and Co-PI Gussev. All 
computational efforts have been 
conducted by graduate student 
Yash Pachaury, under supervision 
from Co-PI El-Azab.

Coupling TEM in situ 
mechanical testing with 
dislocation dynamics 
modeling enables us 
to ascertain tensile 
properties from 
irradiated material 
volumes too small 
for existing standard 
mechanical testing 
configurations, 
dramatically reducing 
the cost of qualifying 
materials.



2022 | AFC ACCOMPLISHMENTS40

number of samples and tests that 
can be performed for a finite volume 
of material. This is particularly 
relevant to the monitoring of reactor 
components as in-service surveillance 
testing has limited material due to 
both space constraints as well as 
representative sampling conditions. 
Ex-service components similarly 
have constraints over the amount 
of volume available to examine. 
Through increased statistics and 
targeted investigations into material 
properties, small scale testing can 
therefore be invaluable to continued 
operation of the nation’s current 
reactor fleet and the design of next 
generation reactors.

However, much work needs to be 
done in order to establish confidence 
in drawing application scale 
conclusions from small scale data. 
This involves the development 
of data collection and analysis 
techniques at the small scale as 
well as demonstrating the fidelity 
in derived micro- to macroscale 
scaling relationships. It is the 
objective of this research to obtain 
small scale mechanical data from 
a variety of different materials 
and microstructural features and 
expand the state-of-knowledge on 
how these smaller scale features 
influence the properties of a material.  
Simultaneous development of testing 
and analysis techniques aim to 
bridge gaps length scale examinations.

The development of small-scale 
mechanical testing in combi-
nation with microstructural 

investigation is of great interest to 
the nuclear materials community 
for both materials development 
and monitoring applications. This 
research aims to bridge the length 
scale of material property evaluation 
and thus enhance the confidence in 
using data obtained from microscale 
testing to macroscale applications. 
Work performed involves micro-
mechanical testing of a wide variety 
of nuclear-relevant material micro-
structures as well as developing 
novel testing and analysis techniques 
to bridge work across length scales.

Project Description:
Small scale mechanical testing 
(<100µm, commonly <10µm) has 
significant advantages for materials 
research. It enables isolation and 
probing of specific microstructural 
regions and features of interest. 
Furthermore, it increases the 

Accomplishments:
A major aspect of this research is to 
obtain micromechanical data from 
materials spanning a wide range of 
material conditions and microstruc-
tures. To this end, micromechanical 
testing has been performed on 
materials containing different 
degrees of dislocation densities 
(pure nickel and various heats of 
Alloy 600), precipitates (different 
heats of CuCrZr provided by the 
United Kingdom Atomic Energy 
Agency), and grain sizes (different 
heats of 304SS). Results from this 
work includes the introduction 
of the “blocked volume” concept 
evaluating the effect of constraint 
on micromechanical testing results 
(Hi Vo, University of California, 
Berkeley). This concept is detailed  
in Figure 1.

Furthermore, testing of ion-irradiated 
HT-9 (from Idaho National Laboratory 
obtained via Los Alamos National 
Laboratory) was performed. A subset 
of the samples tested include HT-9 
samples that were irradiated at 
Sandia National Laboratory using 
4MeV protons to doses levels of 
7E-5, 7E-4 and 7E-3 dpa (Tanvi 
Ajantiwalay, University of Florida). 
These results are shown in Figure 2 
comparing unirradiated HT-9 to the 
ion-irradiated HT-9.

Also performed is a thickness study 
on tensile properties for a variety 
of the aforementioned materials 

Bridging the Length Scales on Mechanical Property Evaluation
Principal Investigator: Peter Hosemann
Team Members/ Collaborator: Andrew Dong, Hi Vo, Jason Duckering, Eric Olivas, Assel Aitkaliyeva, Tanvi Ajantiwalay

Micromechanical testing 
is becoming a part of 
the nuclear materials 
examination toolbox 
and this research shows 
the scaling effects 
associated with specific 
microstructural features.
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Figure 1. 2D schematics of the influence of multi-slip system constraint. A) The blocked and free volumes are in serial 
configuration, observed when the blocked volume ratio is low. B) The blocked and free volume are in parallel configuration, 
observed the blocked volume ratio is intermediate. C) The blocked volume is much greater than the free volume region. D) 
The serial configuration A deforms by forming multiple slip bands in the free volume. E) The parallel configuration B deforms 
by simultaneous strain bursts in the free volume and necking in the blocked volume. F) The blocked configuration F exhibits 
high level of work-hardening and subsequent necking
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(304SS, CuCrZr, and HT-9) where 
samples ranged in thickness from 
800µm down to 30µm using the SS-J 
sample geometry (Andrew Dong, 
University of California, Berkeley). 
Across the three alloys and seven 
total variants examined, bulk tensile 
properties were generally preserved 
down to thicknesses around 200µm. 
As thickness reduced below 200µm, 
strength and ductility values began 

to significantly differ from bulk, 
with the magnitude of change 
depending on the alloy and variant.

Overlapping of a portion of the 
micromechanical testing was 
purposefully performed across  
institutions (University of California, 
Berkeley and University of Florida) 
in efforts to probe the fidelity of 
testing results. This blind testing 
and data analysis resulted in generally 
good agreement between instruments  
and analysis techniques at the 
different institutions as well as led 
to identification of areas where 
disagreement can exist and potential 
magnitude of discrepancies.

Beyond mechanical testing, develop-
ment into multiscale modelling and 
analysis has also been performed. 
This includes using discrete disloca-
tion dynamics to determine models 
and fitting parameters for radiation-

Figure 3. Example of a simulation 
used to calculate hardening due to 

microstructural features. This specific 
simulation volume involves a single 

dislocation (light blue) interacting with 
a random distribution of precipitates 

or voids (red)

Figure 2. Stress vs. strain curves for 
unirradiated (U) and ion-irradiated 
HT-9 specimens at three different 

doses: 7×10-5 dpa (L), 7×10-4 dpa (M), 
and 7×10-3 dpa (H)
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Figure 4. Examples of micro-
mesoscale samples manufactured 
via femtosecond laser machining. a) 
The femtosecond laser machining 
workstation with a tensile testing 
machine placed inside. b) A reduced 
geometry SS-J sample machined 
while mounted in a tensile tester. c) A 
round dogbone machined via a laser 
lathe process imaged within an SEM. 
d) A sheet edge sample being pulled 
in a tensile tester with an adjacent as-
machined sample on the same sheet 
to the left

induced defects (Hi Vo, University 
of California, Berkeley). Figure 3 
shows an example of a simulation 
performed to calculate hardening 
from various microstructural 
features. Finite element modelling 
of a tensile testing setup used 
throughout this research has also 
successful (Eric Olivas, Los Alamos 
National Laboratory).

Finally, development of micro-
mesoscale sample preparation and 
testing techniques has also been 
performed as part of this work. A 
femtosecond laser was employed to 
machine tensile samples of various 
geometries including of a reduced 

geometry while pre-mounted in 
a tensile tester, a round dogbone 
via a laser lathe technique, and a 
series of samples along a thin sheet 
edge (Andrew Dong and Jason 
Duckering, University of California, 
Berkeley). Examples of each are 
shown in Figure 4. This shows 
promise in being able to rapidly and 
consistently manufacture testing 
specimens between the 10-100+µm 
length range.
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Microscale mechanical 
testing has greatly benefited 
nuclear materials studies 

in at least two aspects: one is 
its feasibility to integrate with 
scanning electron microscopy 
(SEM) and transmission electron 
microscopy (TEM) microscopes for 
in situ atomic scale or microscale 
structural characterization to reveal 
fundamental details, and the other 
is its significance in development 
of accelerator-based ion irradiation 
technique as a surrogate method to 
simulate neutron damage. However, 
limited ion penetration depths, 
which are about a few microns for 
MeVs heavy ions and 10s microns 
for MeV light ions, make microscale 
mechanical tests a necessity. But, 
there is a great challenge to bridge 
microscale tests to macroscale tests 
because a bulk specimen of irradiated 
nuclear materials for high dose 
applications cannot be obtained 
in laboratory. This project is facing 
this inexorable challenge. We aim 
to develop an integrated theoretical, 
modeling, and experimental platform 
that enables predicting the ductility 
of nuclear structural materials based 
on microscale mechanical tests.

Project Description:
To utilize micro-scale measure-
ments for prediction of macro-scale 
properties, there is a need to 
transform the knowledge obtained 

from micro-scale measurements 
and characterizations of deformed 
and/or high-dose irradiated 
materials into predictions of the 
macro-scale mechanical properties 
(especially for ductility) of irradiated 
materials. Mechanical properties of 
a structural material are primarily 
controlled by the overall micro-
structure and the character and 
distribution of microstructural 
defects induced by deformation 
and/or irradiation, all of which 
can be observed and quantified 
using microscopy. Combining 
micro-scale characterization of 
microstructural defects and in-situ 
micro-mechanical testing, we can 
explore the correlation of mechan-
ical properties with contributions 
of individual microstructural defect 
ensembles. These correlations will  
enable us to develop the Mechanisms-
based Single Crystal Plasticity 
Model (MSCP) at the meso-scale. 
Implementing the MSCP into the 
Visco-Plastic Self-Consistent (VPSC) 
model for polycrystalline aggregates,  
we are able to describe the Consti-
tutive Law for Polycrystals (CLP) 
at the micro-scale (texture and 
the distribution of grain size are 
known). Comparing with the 
results of various macro-mechanical 
tests we can validate the micro-scale 
CLP. Lastly, we implement the CLP 
into finite element analysis and 

Bridging Microscale to Macroscale Mechanical Property 
Measurements and Predication of Performance Limitation for FeCrAl 
Alloys Under Extreme Reactor Applications
Principal Investigator: Jian Wang (University of Nebraska-Lincoln)
Team Members/ Collaborator: Dongyue Xie, Mingyu Gong, Bingqian Wei (University of Nebraska-Lincoln); Tianyi Sun, Jiangyuan Fan 
(Purdue University); Tianyao Wang (Texas A&M University / Xinghang Zhang (Purdue University), Lin Shao (Texas A&M University)
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Figure 1. Schematic of objectives: Bridging micro-scale to macro-scale mechanical property measurements and prediction 
of performance limitations for FeCrAl alloys under extreme reactor applications. At the meso/micro-scale, we explore 
the correlation of microstructural defects with micro-mechanical properties of FeCrAl alloys and thereby develop the 
Mechanisms-based Single Crystal Plasticity model (MSCP); At the micro/maro-scale, we develop the Constitutive Law for 
Polycrystals (CLP) by implementing the MSCP into the Visco-Plastic Self-Consistent (VPSC) model and validating the CLP by 
comparing macro-mechanical tests; Lastly at the macro-scale, we implement the CLP into finite element analysis to predict 
the ductility of FeCrAl alloys following mechanical deformation and/or radiation
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perform macro-scale tensile testing 
to calibrate the localization criterion 
for predicting the ductility at the 
macro-scale.

The project selects FeCrAl as the 
primary testing materials since 
FeCrAl alloys have attracted 
increased interests in the nuclear 
community as a promising candidate 
for accident tolerant fuel cladding 
for light water reactors. Along with 
its wide applications and excellent 
properties, we aim at developing an 
integrated theoretical, modeling, and 
experimental platform (Figure 1) that 
enables prediction of the macro-
ductility of FeCrAl alloys based on 
micro-scale mechanical tests. The 
technologies and modeling capa-
bilities developed from this project, 
however, are generally applicable 
to alloys other than FeCrAl. This 
project will establish such a frame-
work that combines mechanical 
testing and modeling techniques at 
various length scales to understand 
the mechanical properties of small 
specimens and predict the strength 
and ductility of large-scale specimens 
with similar internal microstructures 
and microchemistry. The project will 
have direct impact on understanding 
the mechanical behavior of a suite 
of irradiated small-scale metallic 
materials for applications in various 
nuclear reactors.

Accomplishments:
Temperature dependence of the 
mechanical property of polycrystal-
line FeCrAl alloys was evaluated 

at University of Nebraska-Lincoln 
by tension testing at room 
temperature, 500 ºC, and 700 ºC, 
respectively. When the temperature 
was increased to 700 ºC, the stress 
decreases immediately after yield, 
there is no strain hardening. Slip 
resistance for {112} and {110} slips 
are measured by using micropillars 
at University of Nebraska-Lincoln 
and Purdue University.  There is 
no obvious size effect as the pillar 
diameter is greater than 5.5 μm. 
The critical resolved shear stress of 
FeCrAl single crystals associated 
with dominant slip system of {110} 
<111> and {112} <111> are 220 MPa 
and 230 MPa at room temperature, 
142 and 141 MPa at 200ºC, 137 and 
139 MPa at 350 ºC, and 115 MPa for 
both slip systems at 500 ºC.

Hardening behaviors of micropillars 
were investigated at University of 
Nebraska-Lincoln by using micro-
pillars with specific orientations 
which favor the type and number 
of activated slip systems. The strain 
hardening rates derived from these 
tests clearly indicated that the weakest 
hardening is associated with pillars 
with one activated slip system, the 
largest hardening is observed in pillars 
with multiple activated slip systems. 
The critical strain for reaching a 
stable strain hardening rate increases 
with the number of activated slip 
systems. For the bi-crystal pillars, 
the strain hardening rate is related 
to the geometrical compatibility 
factor, the higher the factor is, the 
lower the strain hardening rate is.
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We conducted proton radiation and 
Fe ion radiation tests on the 800 ºC 
annealed FeCrAl alloys at Texas A&M 
University. Proton irradiation experi-
ments provide plateau damage of 0.01 
dpa and 0.1 dpa. Fe ions energy is 5 
MeV, producing a peak damage of 100 
dpa at 350 °C. Based on micropillar 
compression tests at University of 
Nebraska-Lincoln and Purdue Univer-
sity, the critical resolved shear stress 
(CRSS) to activate the {110} <111> and 
{112} <111> slip system in the 0.1 dpa 
proton irradiated FeCrAl alloy is 195 
MPa and 210 MPa at 200 ºC, 160 MPa 
and 182 MPa at 350 ºC, respectively. At 
500 ºC, the CRSS for both slip systems 
are 105 MPa. It is noted that the CRSS 
increases with the damage, and the 
increase in the CRSS for {112} <111> is 
higher than {110} <111>. Nanoinden-
tations with different strain rates were 
conducted on the unirradiated sample 
and the Fe ion irradiated samples with 
peak damages of 1 dpa and 10 dpa. 
The hardness increases with dose and 
strain rate. The strain rate sensitivity 
m is measured to be 0.0216, 0.0226, 
and 0.0216 for the sample with no 
damage, 1 dpa, and 10 dpa respec-
tively, indicating that the strain rate 
sensitivity barely changes after Fe3+ 
ion irradiation.

We employ a crystal plasticity 
model to predict the mechanical 
response of FeCrAl alloys at 
different deformation temperatures. 
First, a MSCP model is developed 
based on generation and motion of 
dislocations which is significantly 
affected by the microstructures 
and temperatures. The MSCP is 
then implemented into the crystal-
lographic VPSC framework for 
polycrystalline aggregates. The 
MSCP-VPSC model is employed for 
unirradiated materials, and reveals 
the effects of texture, dislocation 
density and temperature on the 
mechanical response. The predic-
tions show fairly good correlation 
to experiments which is shown in 
previous reports. Furthermore, we 
considered the evolution of damage 
in materials during deformation to 
capture features of both hardening 
and softening stages during loading 
FeCrAl alloys.

This project enables the development of an integrated 
theoretical, modeling, and experimental platform that can 
predict mechanical response of ion irradiated structural 
materials based on microscale mechanical tests.
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Ion bombardment is an attrac-
tive technique to efficiently 
induce damage that mimics 

that produced during prolonged 
in-service irradiation exposure. 
However, the damaged material 
layer is limited to a few micrometers 
in depth. To evaluate the mechan-
ical performance of this damaged 
layer improvements are necessary 
in our approaches to microscale 
tension testing, particularly when 
attempting to assess ductility. 
Ductility is a material performance 
metric directly tied to structural 
health. Multi-length scale experi-
mentation and a non-local damage 
large strain elasto-viscoplastic fast 
Fourier transform (LS-EVP-FFT) 
based crystal plasticity model are 
combined to develop approaches 
to enable the upscaling of ductility 
measurements obtained from 
microscale specimens to predict 
macroscale component ductility.

Project Description:
The technical objectives of the 
research are 1) to establish practices 
for obtaining tensile microscale 
ductility measurements and 2) to 
identify methodologies for comparing 
microscale ductility measurements to 
macroscale ductility measurements. 

In achieving these objectives, the 
experimental mechanics community 
will be provided with straightforward, 
economical approaches to multi-
lengthscale specimen production, 
new grid-based full-field techniques 
translated to the microscale, and 
methods for obtaining high-quality 
tensile mechanical behavior measure-
ments at reduced length scales. 
While the proposed approaches have 
traditional throughput capabilities, 
informed LS-EVP FFT frameworks are 
leveraged to simulate thousands of 
representative microstructure instan-
tiations for specimens of different 
geometric ratios. In addition, incorpo-
rating non-localized damage allows 
for close correspondence between 
microstructurally driven deformation 
heterogeneities and failure processes 
observed in experiments.

Meeting these objectives directly 
supports the needs of Department 
of Energy (DOE) to meet its goal 
of continued safe, reliable, and 
economic operation of the nation’s 
reactor fleet. By providing tech-
niques that can be used to assess 
the structural health of legacy and 
next-generation nuclear materials, 
the DOE will be better able to make 
informed decisions as to when nuclear 

Benchmarking Microscale Ductility Measurements
Principal Investigator: Owen T. Kingstedt (University of Utah)
Team Members/ Collaborator: Ashley Spear (University of Utah), Jiyoung Chang (University of Utah), Ryan Berke (Utah State University)

The simulation tools and 
experimental techniques 
developed through this 
project enable informed 
macroscale ductility 
predictions to be 
obtained from a limited 
number of microscale 
specimens.
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reactors should be decommissioned 
and improve understanding of the 
mechanical performance of next-
generation materials.

Accomplishments: 
The research team achieved 
multiple accomplishments during 
the project execution. First, a vari-
able-length virtual extensometer 
technique was developed to obtain 
thousands of ductility measure-
ments from a single tension 
experiment (Ryan Berke, Utah 
State University). The advance-
ment in data analysis allows for 
just a handful of experiments to be 
conducted when quantifying mate-
rial ductility, thereby significantly 
improving throughput. Further-
more, the technique is length scale 
agnostic and can be applied to 
microscale and macroscale full-
field displacement data. From the 
ductility data point cloud obtained 
using the variable extensometer 
technique, a unifying ductility  
law was proposed that merges  
Barba’s Law and the Bertella- 
Oliver equation.

Advances were also made to the grid 
method (GM) full-field deformation  
technique, enabling it to be imple-

Figure 1. a) A multi-length scale comparison of the mechanical behavior of 
Zircaloy-2 using different specimen geometric ratios, b) representative data 
captured during each experiment including electron back scatter diffraction 
inverse pole figure orientation mapping and full field deformation fields as a 
function of strain

Figure 2. Comparison between an experimental oxygen-free high thermal 
conductivity (OFHC) copper tensile test and simulations with semi-synthetic 
microstructures (i.e., surface microstructure that directly matches the OIM map from 
the experimental test coupon but with variable subsurface microstructures). a) Axial 
strain field of the experimental coupon collected at final fracture using digital image 
correlation. b,c) Axial strain fields at final fracture from two of the 15 simulations 
representing the two predicted fracture locations. d) Macroscopic stress-strain 
responses from the experiment and 15 simulations; simulations are color-coded 
based on the two predicted fracture locations, and the color-filled regions 
correspond to the full range of simulated responses for a given predicted fracture 
location. In a)-c), visible surface crystallographic orientation maps are identical
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mented at the microscale (Owen 
Kingstedt, University of Utah). Focus-
ion beam patterning techniques and 
spectral analysis were leveraged to 
provide full-field Scanning Electron 
Microscopy (SEM)-distortion 
corrected displacement and strain 
fields. This new technique, the SEM- 
GM, can resolve intra-granular and  
inter-granular slip processes, enabling 
further understanding of deformation 
mechanism communication and 
transmission across grain boundaries.

Existing ductility laws fail to 
account for the contribution of 
microstructural features, testing 
environment, and the length scale 
at which material testing occurs. 
Before these laws can be modified 
to account for these contributors 
to observed material behavior, 
practical improvements to testing 
are needed. With respect to this 
need, a high-temperature micro-
tensile stage capable of providing 
controlled temperature profiles was 
fabricated and utilized to conduct 
tension experiments on specimens 
whose thicknesses are comparable 
to the penetration depths achieved 
during ion bombardment (just 
a few microns) (Owen Kingstedt 
and Jiyoung Chang, University of 
Utah). During testing, the grain 

orientations are mapped, deformation 
fields are captured, and stress-strain 
behavior up to failure is captured. 
Using these tools, the effect of spec-
imen geometric ratio on mechanical 
behavior at the mesoscale and the 
microscale for copper and Zircaloy-2 
at ambient and elevated temperatures 
were quantified (Owen Kingstedt, 
University of Utah).

Additionally, the capabilities of an  
LS-EVP-FFT framework were extended 
to incorporate a triaxiality-based 
continuum damage mechanics 
(CDM) formulation within a 
crystal-plasticity constitutive 
model (Ashley Spear, University 
of Utah). The CDM formulation 
was augmented with an integral-
based nonlocal regularization 
approach that correctly handles 
gas-phase material necessary to 
model unconstrained surfaces. 
The improved model is capable 
of predicting microstructurally 
driven deformation and failure 
processes. The modified modeling 
framework is leveraged to assess 
the variability in ductility that 
can be expected when small-scale 
specimens have a number of grains 
in their gauge section below the 
representative volume element 
(RVE) limit.

Figure 3. Macroscopic stress-strain 
distributions from 100 simulations 

of statistically similar microstructure 
instantiations compared to 

experimental stress-strain curves for 
OFHC copper. The shaded regions 

span the quartiles (where 𝑄𝑛 indicates 
the 𝑛-th quartile) of the engineering 

stresses from the 100 microstructural 
instantiations at each strain point
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Figure 4. Visualization of the variable extensometer to a macroscale experiment a) initial reference image to obtain initial 
gauge lengths only three of the thousands of extensometers are shown for clarity b) increasing displacement of the virtual 
extensometers as axial strain accumulates, c) final image captured before failure used to calculate the final elongation of 
each extensometer. Note the onset of necking near the middle of the gauge section d) the virtual extensometers that do 
not span the necking region are used to calculate the uniform specimen elongation. e-g) Comparison of the point clouds 
obtained across nine macroscale ductility experiments conducted on copper. Red point clouds are for specimens with a 
gauge length of 40mm, green is for 60mm gauge length specimens, and blue is for 80 mm gauge length specimens
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Silicon carbide has been a studied 
as an accident tolerant fuel (ATF) 
cladding to combat ongoing 

challenges with zirconium-based 
alloys. SiCfiber/PyCinterphase/SiCmatrix 
composites were chosen initially 
due to their favorable properties 
regarding oxidation, neutron irradia-
tion tolerance, high temperature 
strength, and neutronics, however, 
two feasibility challenges still have 
inhibited development of a nuclear 
grade SiC composite. Hydrothermal 
corrosion on the surface of the 
composite occurs at concerning 
rates within boiling water reactor 
(BWR) environments with the oxide 
layer dissolving at >10µm/year. 
Hermeticity also is another point of 

discussion as micro-crack evolution 
within the matrix material can lead 
to fission gas release and further 
oxidation. The development of 
a barrier coating would mitigate 
these issues and hopefully bring SiC 
composites to nuclear feasibility.

Project Description:
This research aims to develop a dual-
purpose barrier coating which can 
be commercially applied to SiC  
matrix composites to enhance their 
corrosion and mechanical proper-
ties within nuclear environments. 
The first technical objective of this 
project was to identify coating 
systems which would enhance 
SiC performance. This includes 

Understanding of Degradation of SiC-SiC Materials in Nuclear Systems 
and Development of Mitigation Strategies
Principal Investigator: Peter Hosemann
Team Members/ Collaborator: Joey Kabel, Ryan Schoell, Sebastian Lam, Djamel Kaoumi, Christian Deck, Kirill Shapovalov, Julie Tucker, 
Yongqiang Wang, Enguerrand Buckel, Aaron Mengel, Jia-Hong Ke 

Figure 1. Joey Kabel performing 
hardness measurements

Our results show that 
PVD based techniques 
can be used to identify 
suitable coatings and 
CVD processes can 
be introduced to the 
manufacturing process 
of SiC/SiC composites.
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modeling of the oxide layer’s stability 
to choose candidate elements and 
coating methods which would 
optimize oxide stability, adherence 
to substrate, and fuel performance. 
Once chosen, the selected coatings 
would be deposited onto SiC and 
tested by heat treating and corroding 
the coatings in a simulated BWR 
environment. Once corroded, a 
combination of scanning electron 
microscopy (SEM), energy dispersive 
spectroscopy (EDS), x-ray photo-
electron spectroscopy (XPS) and 
tunneling electron microscopy (TEM) 
would be utilized to characterize the 
quality and adherence of the coatings. 
In parallel, nanoindentation will 
be used to verify the mechanical 

integrity of the coatings. With 
this, a comprehensive view of the 
effectiveness of each coating will be 
developed and recommendations 
can be made on future coating 
systems. While current literature of 
SiC as an ATF rod cladding material 
remains extensive, metallic coatings 
on SiC have been rarely investigated 
and this research, if successful, 
would bolster the feasibility of SiC 
within nuclear environments. SiC 
composites coated with an extremely 
resistant metallic coating have the 
potential to solve many of the safety 
concerns related to the current 
generation of cladding, enhancing 
the safety and reliability of the next 
generation of reactors.

Figure 2. Autoclave setup for corrosion 
experiments at NCSU
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Accomplishments: 
The first step in developing a 
commercially available, corrosion 
resistant, high temperature barrier 
coating for SiC was performing 
computer simulations and 
developing models for expected 
performance of different coating 
systems. Oregon State University 
lead the effort to simulate which 
coatings would excel at oxide 
stability, adherence to substrate, and 
fuel performance when deposited 
onto SiC. Ultimately titanium, 
chromium, and zirconium-based 
coatings were chosen to be coated 
onto the SiC composites using 
physical vapor deposition (PVD) and 
chemical vapor deposition (CVD). 
With this, commercial vendors were 
found to produce SiC wafers and 

subsequently coat them with our 
desired compositions. To test this, 
a total of 19 different coatings were 
extensively investigated for corrosion 
and mechanical properties. Among 
them were TiN, TiCN, CrN, and ZrN 
CVD coatings from two different 
suppliers, Ionbond and Diffusion 
Alloys, 3 different layered PVD 
coatings produced by collaborators 
at General Atomics using an in-house 
system, and 8 different combinatorial 
and layered PVD coatings produced 
by the Swiss Federal Laboratories for 
Materials Science and Technology 
(EMPA). A combination of heat treat-
ments performed by the University 
of California, Berkeley (UCB) and 
corrosion in simulated BWR environ-
ments performed by North Carolina 
State University (NCSU) were tested 

Figure 3. SEM image of the best 
performing PVD combinatorial alloy 

coating with a composition of Zr(30%)
Cr(50%)Ti(20%) as-received
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on each coating to various results 
however generalized trends started 
to appear with each coating. SEM, 
EDS, XPS, TEM, and nanoindentation 
performed by UCB and NCSU were 
employed to further investigate the 
interfaces of the coatings before and 
after testing. As a result of this study, 
major conclusions were found about 
the performance of each coating 
system. We found that the CVD 
coatings didn’t perform well in the 
corrosion environment with mass 
losses being reported for all samples 
through a 2-week experiment 
primarily through delamination 
and spallation. However, the PVD 
samples show promising results 
with 5 different coating systems 

gaining mass through the 7-day 
experiment. The best coating which 
was investigated was a combinatorial 
PVD coating produced by EMPA with 
a composition of Zr(30%)Cr(50%)
Ti(20%) which showed positive 
mechanical properties, no delamina-
tion or cracking, and mass gain. In 
total, a comprehensive look on a 
variety of metallic coatings on SiC 
substrates has been gained through 
the project as well as promising 
results for future investigation.

Figure 4. TEM view of cross section of 
the best performing PVD combinatorial 
alloy coating with a composition of 
Zr(30%)Cr(50%)Ti(20%) as-received
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Multiaxial Failure Envelopes and Uncertainty Quantification of Nuclear-
Grade SiCf/SiCm Woven Ceramic Matrix Tubular Composites
Principal Investigator: Ghatu Subhash
Team Members/ Collaborator: Bhavani Sankar (Co-Pi, University of Florida (UF), Nam-Ho Kim (Co-PI, UF), Nance James (former UF 
student, currently at Sandia National Laboratories, New Mexico), Hemanth Thandaga Nagaraju (current UF PhD student), Christian Deck 
(Collaborator, General Atomics (GA)) and Sarah Oswald (Collaborator, GA)

Silicon carbide (SiC) fiber-
reinforced ceramic matrix 
(SiCf/SiCm) composite tubes 

are being considered for nuclear fuel 
cladding. However, their micro-
structure is highly heterogenous 
consisting of fibers of different 
diameters, braids woven at slightly 
different angles, porosity of various 
sizes, wall thickness variations and 
such. These variabilities introduce 
uncertainty in mechanical properties 
and failure strengths, even when 
the tubes are manufactured under 
nominally same conditions. Hence 
the technical objectives of the 
research were to quantify statistical 
variability in the prominent prop-
erties in SiCf/SiCm composites, 
experimentally determine failure 
strengths under various combina-
tion of loads, develop constitutive 
relations and failure envelopes 
for complex multiaxial loading 
conditions, and propose a phenom-
enological failure criterion which is 
easily adoptable in industry.

Project Description:
The proposal aims to quantify 
the uncertainty (or variability) 
in properties (Elastic moduli 
and strength) of SiCf/SiCm 
woven composite tubes arising 
from the heterogeneity in their 
microstructural variables and 
geometrical features. The variability 

in fiber diameter, braid angle, 
wall thickness of the tube, and 
porosity has been experimentally 
measured and a micromechanical 
model was developed to estimate 
the uncertainty in modulus and 
strength of the woven composites. 
We have utilized finite element  
(FE) based micromechanics to 
develop constitutive models for 
woven composites and determined 
the failure envelopes under 
multiaxial loading using the  
Direct Micromechanics Method 
(DMM). Concurrently, the 
composite tubes were tested 
under flexure, compression, and 
hoop loading to determine their 
failure strengths. Analyses was 
then performed to propagate 
uncertainties in the material 
properties and strength to establish 
variability in failure envelopes 
under multiaxial loading. Finally, 
the failure envelopes were validated 
using a variety of experiments at 
static and dynamic strain rates 
in addition to experimental data 
available in the literature for the 
SiCf/SiCm composites.

For safe design of nuclear reactors, 
uncertainty in properties and failure 
behavior in all possible scenarios 
must be quantified. However, 
investigation of failure behavior 
under such complex scenarios is cost 

This research directly 
addresses the 
uncertainty arising 
from manufacturing 
process by not only 
developing multi-axial 
failure criteria for 
SiCf/SiC tubes under 
complex stress states, 
but also provides 
failure envelopes 
for any combination 
of loads and a 
phenomenological 
failure criterion 
which can be easily 
applied for design 
optimization by the 
industry without the 
need for interpolation 
or extrapolation from 
limited experimental 
data (i.e., the procedure 
developed here can be 
used as an analytical 
laboratory that can 
replace the actual testing 
and thereby saving 
considerable amount of 
time and money).
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Figure 1. SiCf-SiCm tubular composite architectures used in this investigation. The dashed line represents the vertical axis 
and the solid lines represent the yarn orientation. The red outline is the unit cell. (a) 45° 2-ply biaxial; (b) 45° 3-ply biaxial;  
(c) 60° 2-ply biaxial (hoop biased); and (d) 45°2-ply biaxial



2022 | AFC ACCOMPLISHMENTS58

design of tube architecture for 
enhanced performance in specified 
nuclear applications. In addition, 
these experiments revealed a unique 
failure mode with microcrack 
nucleation and growth only up to 
the width of a single yarn (Figure 2). 
This crack growth behavior is 
reflected as periodic oscillations in 
the load-displacement response.

Computationally, elastic constants in 
various orientations were calculated 
by using a curved repeatable unit 
cell (RUC) to account for curved 
geometry of the tube. This analysis, 
once for all, settles the issue of 
using homogenization methods for 
composites with curved geometries 
and quantifies the degree of difference 
in elastic properties between curved 
and planar geometries. To account 
for the high-volume fraction of yarns 
in the SiCf/SiCm composites, a new 
method called ‘chipped-away model’ 
was developed. A multi-scale model 
using Mori-Tanaka method was 
implemented to account for high 
porosity and calculate degradation in 
Young’s modulus of the SiC matrix. 
The appropriate boundary conditions 

prohibitive and an experimental 
impossibility. The proposed 
innovative approach combines 
new modeling schemes verified 
by well characterized experiments 
to quantify uncertainty in the 
predicted results. By quantifying 
the influence of heterogeneity and 
variability in performance, one can 
successfully predict the reliability of 
operation under extreme conditions 
and hence safety assessment can be 
made with confidence.

Accomplishments:
We have experimentally determined 
the strength and failure behavior 
of four SiCf/SiCm composite 
architectures (Figure 1) with biaxial 
and triaxial weave orientations at 
45° and 600, under various stress 
states (axial compression, internal 
pressure, and rotating flexure). It 
was found that the braiding angle 
had the most significant influence 
on the strength under tensile 
hoop burst and flexural loading, 
whereas the effect of fiber angle 
was not significant for compression 
loading. These results point to the 
importance of customizing the 

Figure 2. Sequence of digital image 
correlation images from a typical hoop 
burst test: (a) Initial uniform hoop strain, 

(b) a frame just final fracture showing 
highly localized increase in strain (red 

regions) where fracture is about to 
occur in a single yard over its width, and 

(c) frame after final fracture. (d) Failure 
mode of crack initiation in a single yarn 

is show from a separate test
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Figure 3. (a) The predicted elastic 
constants (symbols) of SiCf/SiCm 
tubes and the reported range of 
experiments (shaded region). (b) The 
PLS values from DMM (cyan symbols 
and the curve (ellipses) fit to data in 
each quadrant. The ellipse equation 
can be used as a phenomenological 
failure criterion to assess the 
performance of SiCf/SiCm tubes

were imposed on the FE model to 
predict elastic constants, which 
were in good agreement with the 
experiments as evidenced by Figure 
3(a). In this figure, Eq, Ey and Gqy refer 
to stiffnesses along hoop (q), axial (y), 
and shear modulus in q-y plane.

To quantify uncertainty in 
elastic constants and reduce the 
computational cost associated 
with complex FE analyses, 
polynomial equations that best 
approximate the FE predictions 
were constructed. Initially, global 
sensitivity analysis was conducted 
to determine dominant variables 
that influence the elastic constants. 
They were identified as porosity, 
Young’s modulus of SiC matrix, and 
Young’s modulus of SiC fiber. The 
developed polynomial equations 
were then used in Monte Carlo 
Simulations (MCS) to quickly 
generate large data of elastic 
constants for SiCf/SiCm tubes. The 
uncertainty in elastic constants 
was determined by calculating the 
coefficient of variation (COV) from 
MCS-generated data. The COV in 

each of the elastic constants was 
about 10%. A statistical distribution 
was also fit to MCS-generated data 
which is helpful in evaluating ‘what-if’ 
scenarios for the performance of 
SiCf/SiCm tubes.

In the next step, failure envelopes 
were constructed in stress space by 
considering the proportional limit 
stress (PLS) as a failure mode. We 
used DMM to predict failure for a 
given loading condition, knowing 
the strength of the constituent 
materials. An example failure 
envelope for one combination of 
stresses is shown in Figure 3(b). 
The predicted PLS is in reasonable 
agreement with the experiments 
(green triangles). For industrial 
applications, we proposed a 
phenomenological failure criterion 
by fitting ellipse equations 
(regression fit) in each quadrant as 
the failure criterion. The COV was 
found to vary between 25%-48% 
indicating high variability in PLS.



2022 | AFC ACCOMPLISHMENTS60

Mechanistic Understanding of Radiolytically Assisted  
Hydrothermal Corrosion of Silicon Carbide in Light Water  
Reactor Coolant Environments
Principal Investigator: Dr. Peng Wang, University of Michigan
Team Members/ Collaborators: Dr. Gary S. Was, University of Michigan; Dr. Izabela Szlufarska, University of Wisconsin-Madison; 
Dr. Keyou Mao, Oak Ridge National Laboratory; Dr. Luke Czerniak, Westinghouse Electric Company LLC

This project will provide a 
fundamental understanding 
of the hydrothermal corrosion 

mechanisms of Silicon Carbide (SiC) 
in light water reactors (LWRs) under 
the condition where displacement 
damage and radiolysis products are 
present. This project also addresses 
the need for ongoing accident 
tolerant fuel (ATF) program research 
and development (R&D) on SiC/
SiC composite cladding. The key 
feasibility issue of hydrothermal 
corrosion of SiC was assessed in 
this project, which is critical for 
designing a reliable fuel cladding. 
Currently, radiolytically assisted 
dissolution of SiC in the LWR  
environment is still unknown 
territory. The in-situ ion irradiation-
corrosion experiments in this study 
offer a rapid and cost-effective means 
to evaluate materials and study 
the corrosion mechanisms under 
irradiation conditions comparable 
to test reactor conditions. It will  
also extend our knowledge of the 
degradation mode of SiC-based 
materials under the influence of 
irradiation, especially at high doses, 
which is critically important to 
the durability of the cladding. By 
coupling with the model study, this 
research also provides a broader 
picture of the long-term corrosion 
and dissolution behavior of SiC 
with and without irradiation and 

radiolysis products. This research 
can transfer knowledge to other 
applications involving SiC in a water 
environment at high temperatures. 
Corrosion kinetics of SiC in reactor 
operation is critical to constructing 
a corrosion model for SiC cladding 
in fuel performance codes. This work 
will directly impact the application 
of SiC as LWR fuel cladding in 
commercial reactors.

Project Description:
This project aims to apply ion beam 
irradiation with in-situ pressurized 
water reactor water corrosion in 
combination with modeling and 
simulation to develop a mechanistic 
understanding of the hydrothermal 
corrosion behavior for SiC. A 
series of ion beam irradiation was 
performed on the chemical vapor 
deposition (CVD) SiC sample, and 
long-term autoclave exposure and 
in-situ proton irradiation-corrosion 
experiments were conducted. The 
modeling team studied the dynamic 
corrosion processes of the water/SiC 
system by using ab initio molecular 
dynamics (AIMD) within the density 
functional theory (DFT) framework. 
The modeling results indicate 
that the initial hydrogen scission 
reactions play an essential role in 
the surface corrosion processes, 
regardless of the surface orientation. 
In addition, kinetic studies identified 
that the soluble silicic acid would be 
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Figure 1. Optical and scanning electron microscopy (SEM) images of SiC sample after the in-situ irradiation-corrosion 
experiment in hydrogenated water chemistry. The transmission electron microscopy (TEM) bright field micrograph shows 
the cross-section views of the distinguished individual regions on the sample
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Figure 3. Comparison of SiC 
dissolution rate using simulated cells 

with stoichiometric lattice and an 
incoherent grain boundary. (a) and 
(b) compare the dissolution rate of 

Si species in GB and stoichiometric 
regions. (a) and (b) displays the 

dissolved Si atom for the Si-rich and 
C-rich GB, respectively

Figure 2. Schematic structure of 
SiO(OH)2 motif dissolution from a 

classical MD simulation at 2000K after 
the surface attack
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directly dissolved from intermediate 
motifs instead of forming a stable 
silica layer on the SiC surface. When 
barriers are considered, the preferred 
reaction path for SiC dissolution goes 
through the intermediate H2SiO3 
motif, followed by hydrolysis and 
deprotonation reactions. 

Furthermore, the surface 
orientation effects on corrosion 
processes have been identified 
by considering a set of low-index 
surfaces, and the team found 
that the (110) surface would be 
the most corrosion-resistant 
surface compared with others, 
which could provide some 
strategies for the design of high 
corrosion-resistant SiC materials 
for hydrothermal applications. 
However, it should be noted that 
besides the interfacial corrosion, 
the microstructure in materials, 
such as grain boundaries (GB), 
is another essential factor to 
affect the corrosion behavior of 
materials, as reported in other 
experimental work. Incoherent 
grain boundaries corrosion was 
accelerated under strain and the 
presence of under-coordinated 
Si within the GB region, both of 
which reduce the positive charge 
on silicon atoms, making them 
more reactive with oxygen.

Accomplishments:
1. Constructed a portable long-term 

exposure autoclave (LEXA) for 
hydrothermal corrosion study 
of irradiated SiC samples and 
completed a 90-day exposure on 
the ion irradiated and neutron 
irradiated samples.

2. Designed and conducted in-situ 
irradiation-corrosion experiment 
on SiC sample with and without 
pre-irradiation and observed 
enhanced corrosion under  
active proton irradiation where 
both displacement damage and 
radiolysis products affected the 
corrosion rate of SiC (example 
shown in Figure 1).

3. The microstructure of proton 
irradiated SiC is comparable 
with neutron irradiated samples 
in black spot defects, stacking 
faults (SFs), and Frank loops.

4. Modeling work revealed that  
as the oxygen concentration 
in the environment increases, 
accompanied by the increased 
redox potential of water, the 
corrosion mechanism switches 
from a Si reaction-driven condi-
tion to a condition where both 
Si and C reactions are possible. 
Hence, accelerated corrosion 
behavior can be modeled as a 
function of corrosion potential 
and oxygen content.
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Figure 4. TEM bright field micrograph of a SiC sample implanted with 7.5 MeV Si2+ after 24 h in-situ irradiation-corrosion 
test in pure water with 200 ppb dissolved oxygen, (a) hydrothermal corrosion region; (b) hydrothermal corrosion with a low 
level of radiolysis products present; (c) and (d) hydrothermal corrosion under active proton irradiation, with a low and high 
level of radiolysis products, respectively
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5. Molecular dynamic (MD) 
simulations were performed 
and determined that the H 
species dissociated from H2O 
molecules can break Si-C bonds 
and displace Si atoms from the 
surface, thus resulting in the local 
disorder of the surface. In addition  
to AIMD simulations, we 
demonstrated that oxidation of 
Si-terminated surface produces 
motifs, like SiO(OH)2, which are 
known precursors to silica and 
silicic acid formation (example 
shown in Figure 2).

6. AIMD simulation indicated that 
the radiation induced chemical 
changes at grain boundaries could 
modify the corrosion resistance of 
SiC (example shown in Figure 3). 
Specifically, the radiation induced 
C-rich grain boundary regions can 
suppress the intergranular corro-
sion. The corrosion suppression 
is due to extra C-C networks, 
which can impede the H scission 
reaction at the grain boundaries.

7. Experimental results suggest 
that hydrothermal corrosion of 
SiC is preferential at the crystal-
lographically discontinuous 
boundaries having large misori-
entation, e.g., incoherent GBs. 
Selective corrosion at planar 
defects (i.e., SFs) under active 
irradiation is also likely to  
enhance corrosion. SiC also 
shows an accelerated corrosion 
rate and enhanced GB attacks 
under higher oxygen activity 
w/wo the active irradiation due 
to the already high corrosion 
potential induced by the consid-
erable oxygen activity (example 
shown in Figure 4).

The accelerated hydrothermal dissolution of SiC was 
observed under active proton irradiation in simulated LWR 
water chemistry on CVD 3C-SiC.
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Probabilistic Failure Criterion of SiC/SiC Composites  
Under Multi-Axial Loading
Principal Investigator: Jia-Liang Le
Team Members/ Collaborators: Joseph F. Labuz, Takaaki Koyanagi, Chen Hu, Anna Gorgogianni

Owing to its excellent 
mechanical properties 
and stability under high 

temperature and neutron irradiation 
conditions, SiC/SiC composites have 
emerged as a promising material for 
light water reactors (LWRs) in the 
development of accident-tolerant 
fuel (ATF) systems. Structural integ-
rity and retention of hermeticity are 
two crucial requirements for SiC/SiC 
claddings during normal operations, 
and both of them are closely related 
to the proportional limit stress (PLS) 
of the material. Understanding the 
behavior of SiC/SiC composites 
under multi-axial stress states and 
developing a probabilistic approach 
for evaluating the structural vulner-
ability are of paramount importance 
for reliability-based analysis and 
design of SiC/SiC composite clad-
dings. So far, there has been very 
limited effort towards experimental 
and analytical investigations of 
probabilistic failure of SiC/SiC clad-
dings. This critical knowledge gap 
motivates this research.

Project Description:
The proposed research is to develop 
a probabilistic failure criterion for 
SiC/SiC composites under multi-
axial loading, and to incorporate the 
criterion into reliability analysis of 
the structural integrity of SiC/SiC 
fuel cladding. The research consists 
of two parts: 1) experimental 
investigation of multiaxial failure 
behavior of SiC/SiC composites, 
and 2) theoretical modeling of 

time-dependent probabilistic 
failure of SiC/SiC cladding. In the 
experimental investigation, the PLS 
is determined through the examina-
tion of stress-strain response, the 
acoustic emission measurement, 
as well as the X-ray computed 
tomography. The theoretical 
framework is derived by combining 
the finite weakest-link statistical 
model and the subcritical damage 
growth model. This theoretical 
model captures the time-dependent 
failure mechanism of the material, 
which has a major consequence for 
predicting the lifetime distribution 
of the cladding. Meanwhile, the 
model also predicts that the failure 
statistics of the cladding depend 
strongly on the cladding length.

The results of the multiaxial 
experiments reveal the level of 
statistical variation of the PLS of 
SiC/SiC materials under different 
stress states. The theoretical model 
provides a robust analytical tool for 
extrapolation of small-scale labora-
tory test results to the behavior of 
full-scale claddings. These findings 
lay down a scientific foundation for 
the development of reliability-based 
design of SiC/SiC fuel claddings, 
which will play an essential role in 
improving the structural safety and 
integrity of LWRs.

Accomplishments: 
The overarching goal of this 
research is to develop a probabilistic 
failure model for SiC/SiC composites  

An integrated 
experimental and 
analytical framework is 
developed for reliability 
analysis of SiC/SiC 
composite claddings 
under multiaxial loading.
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and to apply it to assess the structural 
reliability of SiC/SiC composite clad-
dings. Toward this goal, the objectives 
of this project are: 1) design a new 
testing system, which is capable 
of producing different multi-axial 
stress states. 2) Use acoustic emission 
and X-ray tomography analyses 
to examine the damage status of 
specimens. 3) Develop a finite 
weakest-link statistical model for 
SiC/SiC composites under multi-axial 
loading. The model will be calibrated 
by the multi-axial tests.

In this research, a robust multi-axial 
testing systems was developed for 
generating various load combinations 
of axial force and internal pressure, 
as depicted in Figure 1. To provide 
the effective isolation (jacketing) 
from the internal fluid pressure, 
viton membranes of a special shape 
were manufactured to seal both the 
internal surface of specimen and 
interface between the specimen 
and apparatus. High strength epoxy 
was used in-between the contracted 
surface of specimen and apparatus  
to transmit axial loading. With  
this design, the system is able to  
load the specimen up to ultimate 
failure. Figure 2 shows the failure 
pattern of a specimen in the multi-
axial experiment.

During the test, strain gage readings 
and acoustic emission signal rates 
were recorded and subsequently used 
to determine the PLS. The current 
experiments involved five load 
paths: pure axial tension, pure hoop 
tension, and 1:1, 2:1 and 1:2 ratios 
between the hoop stress and axial 
stress. These test results (both the PLS 
and the ultimate limit states, ULS) 
were presented in terms of failure 
surfaces with statistical variability 

(Figure 3). The convex shape of the 
failure surface indicated an enhance-
ment in material resistance under 
biaxial tension.

In parallel with the experimental 
investigation, a mechanistic probabi-
listic model was developed to predict 
the lifetime distribution of SiC/SiC 
claddings corresponding to the PLS 
limit. The model takes into account 
the mechanism of subcritical damage 
growth. The direct consequence 
is that the failure probability of 
the cladding at any given time is 
governed not only by the current 
loading state, but also by the previous 
loading history. The analysis also 
showed that a long cladding would 
experience a considerably higher 
failure risk as compared to a short 
one (Figure 4). Such a size effect is 
expected to play a crucial role in 
design extrapolation from laboratory 
test results to full-length cladding.

Figure 1. Multiaxial test apparatus
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Figure 2. Failure pattern of a SiC/SiC tube specimen in a multi-axial test
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Figure 3. Measured multi-axial 
failure surface

Figure 4. Length effect on the failure 
probability of SiC/SiC cladding
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Development of Multi-Axial Failure Criteria 
for Nuclear Grade SiCf-SiCm Composites
Principal Investigator: Xinyu Huang, University of South Carolina (UofSC) 
Team Members/Collaborators: Jingjing Bao, UofSC; George Jacobsen, General Atomics (GA)

Mechanical strength of 
silicon carbide (Si)Cf-SiCm 
composite tube is typically 

evaluated under uniaxial tension 
and internal pressure (burst) 
loading. Under more complex 
loading scenarios, such as combined 
bending and pressurization, the 
principal stress direction can point 
to directions off the hoop or the 
axial direction. Axial tensile and 
internal burst strength do not provide 
adequate information to determine 
mechanical failure threshold for 
the clad tube. In this project, UofSC 
utilized five types of tests to help 
trace out a failure envelope for the 
SiCf-SiCm composite tube. These 
tests include internal pressure 
test, combined internal pressure-
tension test, torsion test, combined 
tension-torsion test, and uniaxial 
tension test. The combined loading 
conditions can steer the 1st principal 
stress (highest tensile stress) in 
between hoop and axial direction 
thus allowing us to generate a 
multi-axial failure envelope.

Project Description: 
Continuous SiC fiber-reinforced 
SiC matrix (SiCf-SiCm) composite 
with engineered weak fiber-matrix 
interphase has demonstrated greatly 
improved mechanical toughness 
while preserving other beneficial 
characteristics of monolithic β-SiC. 
These attributes can significantly 
improve the accident tolerance 
of the light water reactor (LWR), 
thus making it a highly promising 

candidate for numerous core 
structural components, such as 
accident tolerant fuel cladding and 
channel box. Complex state of stress 
can develop in SiCf-SiCm composite 
fuel cladding. In addition to the 
self-equilibrated eigenstress due to 
thermal gradient and irradiation 
swelling, stresses can be induced by 
differential pressure loading and 
other concentrated external loading. 
It is the objective of this program  
to develop multiaxial failure 
criteria for nuclear grade SiCf-SiCm 
composites which will allow more 
rigorous mechanical failure 
analysis of fuel rod under complex 
loading conditions.

Accomplishments: 
UofSC developed and validated 
capabilities to conduct tension, 
torsion, internal pressure, combined 
tension-torsion, and combined 
internal pressure torsion tests. In 
combined loading tests, proportional 
load control was implemented with 
the proportional-integral-derivative 
controller operating under a 
master-slave mode. The applied 
loads (e.g., torsion and pressure, 
or tension and pressure) are kept 
proportional during the test. The 
test rig and its different loading 
modes were validated by testing 
aluminum samples and comparing 
the measured properties with well-
known mechanical properties of 
aluminum. Satisfactory results were 
obtained. During testing, the applied 
load (and or pressure) are monitored 

The project revealed 
failure threshold of 
SiCf-SiCm composite 
cladding under complex 
loading conditions.
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Figure 1. Failure envelope of tri-axial 
braid SiCf-SiCm composite tube 
extracted from a large number of 
combined loading tests. (UTS, ultimate 
tensile strength; PLS, proportional 
limit stress.)

together with strain (via traditional 
resistance foil gage and digital image 
correlation) and acoustic emission 
from the samples. X-ray computed 
tomography was utilized to observe 
samples after tests. GA fabricated 
SiCf-SiCm tubes for this project 
using standard GA-Electromagnetic 
Systems Group procedures used for 
the Department of Energy – Nuclear 
Energy Accident Tolerant Fuel 
Program. This includes a thin pyro-
lytic interphase coating deposited 
directly on the fibers and a crystal-
line SiC matrix deposited using 
chemical vapor infiltration. UofSC 

conducted several test campaigns 
on these representative materials 
and obtained failure multiaxial 
failure envelope as shown in Figure 
1. The failure envelope reveals 
strong direction-dependence of the 
mechanical strength. For tri-axial 
bread composite tube, axial direction 
turns out the strongest direction due 
to the set of axial tows in addition to 
the two sets of bias tows. The hoop 
direction is the 2nd strongest direc-
tion. Surprisingly, a much weaker 
direction is revealed when the 1st 
principal direction is at 45 degrees 
with respect to the hoop direction.
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Advanced Coating and Surface Modification Technologies  
for SiC-SiC Composite for Hydrothermal Corrosion Protection  
in Light Water Reactor
Principal Investigator: Dr. Kumar Sridharan, University of Wisconsin-Madison 
Team Members/Collaborators: Dr. Hwasung Yeom, University of Wisconsin-Madison; Dr. Adrien Couet, University of Wisconsin-
Madison; Dr. Peng Xu, Westinghouse Electric Company; Dr. Sergey Chemerisov, Argonne National Laboratory

Silicon carbide (SiC)-SiCf compos-
ites are being investigated for 
use as an accident tolerant 

fuel (ATF) cladding material in 
light water reactors (LWR). SiC 
offers greater oxidation resistance 
and high temperature strength in 
severe accident conditions (> 1200 
°C steam) compared to the currently 
used Zr-alloys. However, SiC experi-
ences corrosion at normal reactor 
operating conditions (i.e., hydro-
thermal corrosion) through the 
reaction of SiO2 with water at ~300 °C,  
leading to contamination of the 
coolant and dimensional changes 
of the cladding. In this project, 
surface modification and coating 
technologies are being developed to 
protect the SiC-SiCf cladding against 
hydrothermal corrosion. Cr has 
been selected as the coating mate-
rial on account of its outstanding 
hydrothermal corrosion resistance 
in pressurized water reactor water 
conditions. The primary focus of 
this work has been on physical vapor 
deposition (PVD) of Cr coatings. 
Detailed characterization of the 
coatings has been performed to 
understand the effect of deposition 
parameters on the resultant coating 

and coating-substrate interfacial 
microstructures. The mechanical 
behavior of the coating materials 
has been investigated using micro- 
and nano-mechanical test methods. 
Corrosion performance and thermal 
stability of the coatings has been 
investigated with a variety of 
experimental systems to assess the 
performance of coatings in a variety 
of simulated reactor environments.

Project Description: 
A central objective of this project is 
the development and optimization of 
coating technologies for the SiC-SiCf 
composites. In particular, coatings 
produced using state-of-the-art PVD 
technologies have been studied 
extensively. The microstructural 
characterization, mechanical property 
analysis, and performance testing of 
these advanced coatings is of great 
interest to both the nuclear materials 
and thin film scientific communities.

Pure Cr coatings produced with PVD 
have been investigated extensively 
in this project. The evaluation of 
processing-structure-property rela-
tionships for the Cr coatings studied 
in this project builds upon the body 
of knowledge of PVD Cr coatings 

Chromium coating 
deposited by PVD 
greatly enhances the 
feasibility of the use of 
SiC-SiCf composite as 
an accident tolerant fuel 
cladding material in light 
water reactors.
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Figure 1. Focused ion beam-milled 
cross section of the B-HiPIMS Cr 
coating on SiC

for nuclear applications and brings 
value to the ongoing Department of 
Energy programs on PVD Cr coatings 
for Zr-alloys as a near-term ATF 
option. Finally, the existing literature 
on the behavior of Cr under irradia-
tion is limited, and neutron and ion 
irradiation experiments conducted as 
part of this project will help advance 

the understanding of the radiation 
response of pure Cr, specifically 
when used as a coating material.

Overall, this project seeks to enhance 
the feasibility of applying SiC-SiCf 
composite fuel cladding for use in 
commercial LWRs as an alternative 
to currently used Zr-alloy. SiC-SiCf 
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Figure 2. Cross-sectional bright field transmission electron microscopy image of a high-load nanoindentation on the 
B-HiPIMS coating showing deformation of the columnar grains, as an indication of ductility of the coatings
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cladding offers greatly improved 
safety performance in severe accident 
scenarios compared to Zr-alloys and 
has the potential for use as an ATF 
design in both existing and future 
reactors. SiC also offers the potential 
for improved reactor efficiency based  
on its lower neutron absorption 
cross section, good radiation 
resistance, and ability to withstand 
higher burn-ups. However, the most 
significant impediment to the use 
of SiC-SiCf composite fuel cladding 
is hydrothermal corrosion, and this 
project seeks to overcome this chal-
lenge by the development of PVD Cr 
coatings. These coatings may also be 

considered for the application of SiC-
SiCf composites in steam and high 
temperature aqueous environments.

Accomplishments:
In the first stage of the project, 
a variety of coating and surface 
modification technologies were 
evaluated, followed by initial perfor-
mance screening of the resultant 
samples. Cold spray deposition of 
Cr and Fe-Cr-Al and a chromizing 
thermal diffusion treatment 
demonstrated limited feasibility due 
to the high hardness and thermal 
stability of the SiC substrate mate-
rial. Through collaborations with 

Figure 3. Weight change data for 
various types of Cr coatings compared 
to uncoated SiC from a 30-day static 
pure water hydrothermal corrosion test 
conducted at 360 °C
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industrial coating vendors, Cr, CrN, 
Zr, and CrCxNy coatings 5-10 µm 
in thickness were deposited using 
direct current magnetron sputtering 
(DCMS), high-power impulse 
magnetron sputtering (HiPIMS), 
and cathodic arc processes. Among 
these coating materials, pure Cr 
coatings produced with magnetron 
sputtering demonstrated the best 
mechanical properties as determined 
by micro- and nano-mechanical 
testing and scratch tests.

As an initial evaluation of the 
protective capability of the coating, 
SiC samples coated with DCMS 
Cr and HiPIMS Cr were subjected 
to a 30-day static water corrosion 
test at 360 °C at the University of 
Wisconsin. It was found that both 
types of Cr coatings prevented 
hydrothermal corrosion of the 
underlying SiC through the forma-
tion of a passive Cr2O3 layer 20-30 
nm thick on the coating surface.  
The weight gain (an inverse measure 

of oxidation resistance) of the  
DCMS coating was greater than 
HiPIMS during the initial stages 
of oxidation due to the higher 
surface roughness and presence of 
nanoscale intercolumnar porosity 
within the DCMS microstructure.

In the next generation of coating 
development, the investigation of 
sputter deposition technologies 
was expanded to include processes 
which incorporate secondary ion 
bombardment and target voltage 
pulsing. Extensive microstructural 
characterization using transmission 
electron microscopy was conducted 
to understand the influence of 
these deposition parameters on 
grain size, morphology, and density. 
Ion-assisted DCMS was found 
to enhance densification of the 
microstructure through atomic 
peening effects, while pulsed 
DCMS promoted columnar grain 
growth. A state-of-the-art bipolar 
HiPIMS (B-HiPIMS) process was 

Figure 4. High-angle annular dark-
field imaging (HAADF) scanning 

transmission electron microscopy 
(STEM) images at the surface of the (a) 

DCMS Cr and (b) HiPIMS Cr coatings 
after the 30-day corrosion test; (c) 

HAADF STEM image below the surface 
of the DCMS coating showing the 

location of EDS line scan across an 
intercolumnar boundary; (d) EDS line 

scan data showing formation of Cr2O3 
along the intercolumnar boundary
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also developed in collaboration 
with industrial partners to deposit 
Cr coatings. The B-HiPIMS process 
resulted a fully dense coating under 
compressive residual stress due to 
the high atomic mobility and ion 
bombardment effects generated 
during deposition.

The B-HiPIMS Cr coating  
demonstrated excellent corrosion 
performance in hydrothermal 
corrosion tests with oxidation 
characteristics similar to that of 
bulk Cr. Nanoindentation testing of 
the coating materials showed that 
coatings which contain fine grains 
separated by porosity tend to crack 
during deformation due to weak 
intercolumnar adhesion. In compar-
ison, the larger, densely packed 
grains comprising the B-HiPIMS 
coating are more amenable to plastic 
deformation and produce a more 
ductile mechanical response.

In collaboration with Argonne 
National Laboratory (ANL), a unique 
corrosion system was designed and 
fabricated. Designed for use at the 
Low Energy Accelerator Facility at 
ANL, the sample capsule is irradiated 
by 3 MeV electron to generate corro-
sive water radiolysis products that 
may be present during reactor opera-
tion. In addition, select coatings 
have been irradiated with heavy 
ions at ANL and the University of 

Wisconsin Ion Beam Laboratory to 
study defect evolution in the coatings 
and any mixing effects at the Cr-SiC 
interface, under irradiation.

Scanning transmission electron 
microscopy-energy dispersive spec-
troscopy (STEM-EDS) and HRTEM 
characterization of the Cr/SiC 
interface were performed at Idaho 
National Laboratory (INL) by the 
University of Wisconsin graduate 
student to analyze the extent of 
atomic mixing at the interface 
produced by different deposition 
processes. Results showed there may 
be an intermixed region 5-10 nm in 
width, but further characterization 
is necessary. The strength of the Cr/
SiC interface will be measured at 
INL using in situ microcantilever 
bending at room temperature and 
300 °C. In situ high temperature 
x-ray diffraction measurements 
were also conducted at INL and 
showed that at 300 °C, the stress  
in the B-HiPIMS coating becomes 
more compressive than at room 
temperature due to differential 
thermal expansion effects.
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Ring Tension Testing
Principal Investigator: Robert Hansen 
Team Members/Collaborators: Fabiola Cappia, Philip Petersen, David Kamerman

The Idaho National Laboratory 
(INL) Accident Tolerant Fuel 
(ATF) post-irradiation exami-

nation (PIE) program is focused on 
obtaining accurate data on material 
behavior of ATF cladding concepts. 
In anisotropic cladding, hoop direc-
tion mechanical properties are vital 
to qualification efforts. However, 
accurate hoop measurements are 
challenging to obtain experimen-
tally, and cannot be replaced by axial 
mechanical testing. The ring tension 
test (RTT) is an extremely useful 
method to determine hoop direction 
properties in irradiated cladding, 
requiring only a small amount of 
irradiated material per test. Several 
different configurations have been 
implemented, yet results will either 
under- or overestimate the cladding 
hoop strengths, depending on the 
configuration. Additionally, hot cell 
testing environments introduce 
experimental uncertainties which 
can lead to further errors in  
property measurement. For hoop 
direction testing of irradiated clad-
ding using the RTT, it is important to 
understand these uncertainties and 
to improve the accuracy of resulting 
strength measurements.

Project Description: 
The purpose of this research can 
be summarized by three key objec-
tives. First, to compare two leading 
RTT configurations for accuracy in 
strength measurements. Second, to 
understand the effect of uncontrol-

lable test parameter variations in  
the RTT. And third, to develop 
processing methods to extract mate-
rial properties more accurately. To 
meet these objectives, finite element 
models of the RTT setup were devel-
oped and analyzed, allowing precise 
replication of the experimental 
conditions and an in-depth under-
standing of how the configurations 
impact property measurements.

While several configurations of 
the RTT have been proposed and 
implemented, the results vary 
between configurations, and 
property measurements can be 
significantly inaccurate due to a 
non-ideal loading state. This project 
investigated two leading configura-
tions, seen in Figure 1, comparing 
the measurements made from the 
raw data. By using finite element 
models which feature known 
material properties, the measured 
properties can be directly compared 
with material inputs that represent 
the correct results. This allows a 
robust evaluation of the accuracy  
of these two configurations, 
which can be paired with three-
dimensional stress and strain fields 
to understand discrepancies.

Further complicating matters, several 
test parameters that can vary 
uncontrollably when testing irradi-
ated material in a hot cell environ-
ment. Deviation of specimens and 
fixturing from nominal dimensions, 

This project meets the 
challenge of obtaining 
accurate hoop strengths 
from irradiated 
cladding through the 
ring tension test by 
proper configuration 
selection, increased 
understanding 
of experimental 
uncertainties, and 
mathematical models to 
correct data.

2.3 LWR IRRADIATION TESTING AND PIE TECHNIQUES



2022 | AFC ACCOMPLISHMENTS 79

geometries, and orientations have 
the potential to significantly impact 
property measurements. Using 
the finite element models, a wide 
range of these test parameters were 
perturbed. Their effect on load-
displacement and derived strength 
measurements was investigated.

Using free body force cuts of the 
finite element models, hoop tensile 
load was examined at cross sections 
throughout the ring during the 
simulated RTT experiment. Under-
standing how tensile load varies 
through the ring allows a robust 
description of the stress within the 
gauge region, which can lead to 
force correction methods for highly 
accurate property measurement.

Accomplishments:
The analysis of these key objectives 
was carried out at INL. Using the 
finite element models, the ability 
to accurately measure the material 
strengths using the two RTT config-
urations was compared. Using raw 

load-displacement data, the yield 
and ultimate tensile strengths were 
calculated, resulting in errors on 
the order of 5-20%. Configuration 
#1 underpredicted both strengths, 
while Configuration #2 overpredicted 
both strengths. The stress and strain 
fields produced were also analyzed, 
revealing the presence of key issues. 
As seen in Figure 2, Configuration 
#1 was found to produce non-
uniform stresses and strains, likely 
due to a bending stress near a gap 
between fixturing in the gauge 
region. However, Configuration 
#2 produces more uniform results, 
closely mimicking loading states 
expected from a traditional tension 
test. This uniform loading state is 
ideal for testing coated cladding 
concepts, where comparable stresses 
at the outer and inner surface of the 
ring are desirable.

The sensitivity analysis was also 
completed, highlighting the 
challenges of in-cell testing and 
informing future testing of irradiated 

Figure 1. Schematics of the two 
RTT configurations investigated, 
with arrows showing the direction 
of loading. In Configuration #1, the 
reduced gauge section is supported by 
a “dogbone” insert; in Configuration #2, 
the gauge is placed on the mandrel, at 
a 45° angle
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cladding. A wide range of parameters 
were investigating, systematically 
varying their values by a series of 
increments comparable between the 
two configurations. Those categorized 
as having a significant impact in at 
least one of the configurations are 
summarized in the top of Figure 3.  
This impact determination was 
based on significant changes to the 
strength measurements derived 
from the load-displacement data. 
For example, when varying the 
ring inner diameter from nominal 
dimensions, the strengths are greatly 
impacted as seen in the bottom of 
Figure 3. The compiled sensitivities 
resulting from this project provides 
valuable information for future tests 
of irradiated cladding, allowing 
tests to both minimize and properly 
account for measurement uncertainty.

Because of its loading state and 
reduced sensitivity, Configuration 
#2 appears an ideal method if the 
errors identified in the first key 
objective can be reduced. Using the 
section cut method described in 
the third objective, a mathematical 
model describing the hoop tension 
load in the Configuration #2 ring as 
a function of angle was developed. 
This model closely matched the 
finite element section cuts. From 
this model, force correction factors 
were generated, which reduce the 
strength measurement errors to 
less than 1%. The uncorrected, 
corrected, and actual stress-strain 
curves are shown in Figure 4. This 
approach results in highly accurate 
and robust hoop strength measure-
ments of irradiated cladding.

Figure 2. Finite element results, 
for Configuration #1 (left) and 

Configuration #2 (right). Both von 
Mises (VM) stress and equivalent 
plastic (PEEQ) strain contours are 

given. Images at the top are from the 
increment at yield as determined by 
the stress-strain curve, and images 

at the bottom are at peak load where 
ultimate tensile strength occurs
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Sensitive Parameters?

Ring diameter
Gauge length

Mandrel size
Dogbone size

Dogbone angle
Rotation

Eccentricity
Ovality
Friction

Con�g. #1

xx
xx
xx
xx
xx
xx
xx
xx

x
x

x
x

xx

Con�g. #2

Change in 
Ring-Mandrel Gap

0.14x

0.25x

0.50x

0.75x

1.5x

2.0x

-4.1%

-11.1%

-12.0%

-8.6%

+6.3%

+10.8%

-2.5%

-2.3%

-1.1%

+0.6%

+1.2%

% Change in YS

Con�g. #1 Con�g. #2

Figure 3. (left) Parameters which 
demonstrated a significant impact on 
strength measurements are shown 
above; two red Xs signify more severe 
sensitivity. At bottom, the change on 
measured strength values for the ring 
inner diameter parameter, reported as 
a change in the gap between the ring 
and fixturing mandrel

Figure 4. (above) Plot of engineering 
stress vs engineering strain for the 
raw data of both configurations, and 
with the correction to Configuration 
#2 using the developed mathematical 
model for hoop tension load. The true 
behavior of the modeled material is 
shown by the black curve
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The restart of the Transient 
Reactor Test (TREAT) facility 
has renewed the capability 

for transient testing of nuclear 
fuels in the United States. This 
capability is critical to support the 
mission of the Accident Tolerant 
Fuels (ATF) campaign and the recent 
U.S. nuclear energy industries’ 
interest to extend burnup beyond 
the current limits of 62 GWd/t. 
Design basis accident testing in 
TREAT, such as reactivity-initiated 
accidents (RIA) and Loss of Coolant 
Accidents, can be performed in 
TREAT to support these efforts. 
The development of the Static 
Environment Rodlet Transient Test 
Apparatus (SERTTA) experiment 
capsule provides the capability to 
test Light Water Reactor (LWR) fuel 
rods in a static water environment 
under RIA conditions. A series 
of six commissioning tests were 
completed in the SERTTA capsule in 
TREAT to demonstrate the renewed 
capability of RIA testing to support 
U.S. nuclear energy goals. Post-
transient characterization of the 
test specimens has been performed 
to complete evaluation of the 
specimen/test system performance.

Project Description:
The SERTTA capsule provides a static 
water environment surrounding the 
fuel rod with a suite of state-of-the-
art and first-of-a-kind instruments 
to collect relevant data for post-test 

analysis of the experiments (Figure 1).  
The purpose of the ATF-RIA-1 test 
campaign was to commission the 
SERTTA capsule and instrumenta-
tion for RIA testing in a static water  
environment in TREAT. Demon-
strating and qualifying the capabilities 
of the SERTTA capsule is required 
for planned follow-on testing of ATF 
as well as high burnup LWR fuels. 
Therefore, these tests are crucial for 
meeting industries needs to support 
licensing these fuels.

Following the irradiations of these 
experiments in TREAT, post-
transient examinations (PTE) of 
the fuel rodlets were performed as 
well as post-test fuel performance 
modeling predictions. PTE included 
x-ray radiography of the capsules 
prior to disassembly, visual  
inspections of the rodlets, high 
resolution optical profilometry, 
optical microscopy, and gamma 

Resumption of Water-based RIA Testing in the U.S.
Principal Investigator: Charles Folsom 
Team Members/ Collaborator: David Kamerman, Colby Jensen, Nicolas Woolstenhulme, Jason Schulthess, Leigh Ann Astle

2.4 LWR FUEL SAFETY TESTING

A series of 
commissioning tests for 
water-based reactivity-
initiated accidents have 
been completed in TREAT 
to demonstrate the 
renewed capability of RIA 
testing to support U.S. 
nuclear energy goals.
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Figure 1. SERTTA capsule renderingspectroscopy. The results from the 
experiment instrumentation as 
well as post-irradiation examination 
(PIE) provide valuable data for 
post-test fuel performance modeling 
validation. Models using the as-run 

experiment conditions for both 
the BISON fuel performance and 
RELAP5-3D codes are compared 
against experimental and PIE 
results. This provides more data  
to improve our modeling and 
predictive capabilities.
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Accomplishments:
The completion of the RIA 
commissioning experiments in 
the SERTTA capsule demonstrate 
the renewed capability to perform 
water-based RIA testing in the 
U.S. Figure 2 shows images of the 
rodlets compared to similar historic 
tests that were performed under 
the SPERT-IV fresh fuel RIA tests 
program. In all cases, the condition 
of the fuel rods shows good agreement  
with historical observations, 
providing confidence that testing in 
the SERTTA capsule will meet RIA 
testing needs. The following para-
graphs highlight a few results from 
the tests.

Throughout the commissioning 
tests, many lessons were learned 
with regards to assembly, operation, 
and instrumentation performance 
that allowed for improvements 
in later tests as well as future test 
campaigns utilizing the SERTTA 
capsule. Experiments using different 
cladding surface thermocouples 

were utilized to test the thermocouple 
performance. The ATF-RIA-1-E 
test utilized two different types 
of thermocouples and the results 
show good agreement to each other, 
but also revealed challenges of 
creating reproducible cladding 
attachment. Figure 3 shows the 
thermocouple results with best-
estimate predictions using a coupled 
BISON/RELAP5-3D model. The 
experimental results can be used 
to improve and validate the BISON 
models applicable to RIA conditions. 
Thermocouple attachment and 
performance understanding remains 
an active challenge for continued 
work with hot cell integration.

PTE of the rodlets included high 
resolution optical profilometry to 
measure the final cladding diameter. 
Figure 4 shows the measured and 
predicted final cladding diameter 
for the ATF-RIA-1-E experiment. 
The large spikes in the measured 
data show the weld locations on 
the rodlet. This rodlet experienced 

Figure 2. Visual inspections for rodlets 
A–E compared to historic SPERT-IV 

fresh fuel RIA tests
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Figure 3. ATF-RIA-1-E cladding 
temperature measurements 
compared against coupled BISON/
RELAP5-3D predictions

Figure 4. ATF-RIA-1-E optical 
profilometry cladding diameter 
measurements compared against 
BISON predictions

ballooning due to the high cladding 
temperatures reached (Figure 3) and 
a large positive pressure differential 
between the rodlet and capsule. 
The BISON model predicts similar 
outward ballooning of the cladding 
during the test. The profilometry 

results for all rodlets show outcomes 
expected from the test plan. Rodlets 
with negative pressure differentials 
experienced cladding creep down 
during the tests.
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Combined TREAT-SATS LOCA Test Plan with Industry Consensus
Principal Investigator: Colby Jensen
Team Members/ Collaborators: Robert Armstrong, Nathan Capps 

The U.S. nuclear energy 
industry has goals for 
licensing fuel burnup beyond 

current limits of 62 GWd/t, targeting 
up to ~75 GWd/t. Loss of coolant 
accident (LOCA) performance of 
high burnup fuel, in particular 
fuel fragmentation relocation and 
dispersal (FFRD), was ranked the 
top research and development 
(R&D) priority by the Electric 
Power Research Institute’s (EPRI) 
Collaborative Research on Advanced 
Fuel Technologies (CRAFT) Fuel 
Performance and Testing Technical 
Experts Group (FPTTEG). To address 
industry needs, the Advanced Fuels 
Campaign (AFC) program has 
developed a combined Transient 
Reactor Test Facility (TREAT) and 
Severe Accident Test Station (SATS) 
LOCA test plan with the support of 
the Nuclear Energy Institute (NEI) 
and CRAFT framework. Under the 
CRAFT framework and the AFC 
program, the plan is intended to 
provide stakeholder consensus as 
a living document and serve as a 
roadmap for addressing FFRD issues 
and responding to new findings in 
the next several years.

Project Description:
LOCA performance of high burnup 
fuel, in particular FFRD, was ranked 
the top R&D priority by the CRAFT 
FPTTEG. The AFC test program was 
developed with stakeholder input 
targeting relevant conditions. It 
relies on a unique combination of 

in-pile and out-of-pile experimental 
approaches to (1) provide clear 
tieback to the existing integral and 
semi-integral LOCA experiment 
database using state-of-the-art facili-
ties. More importantly, this program 
will systematically investigate the 
impacts of: (2) prototypic high 
burnup (HBu) fuel and cladding 
temperature thermomechanical 
behaviors under postulated light 
water reactor (LWR) LOCA conditions 
never fully investigated before. 
These conditions correspond with 
prototypic decay-energy heat up 
(DEH) and stored-energy heat up 
(SEH) conditions of HBu fuel during 
predicted LOCA events. Unique 
TREAT capability will provide 
first evaluations of SEH conditions 
on HBu fuels. The plan includes 
a description of the problem 
addressed, key testing capabilities, 
expected data streams (instrumenta-
tion), test matrix, schedule, and 
experiment model descriptions, 
enabling stakeholders to contribute 
to the test program through 
modeling and simulation informed 
experiment design. The test plan 
incorporates stakeholders review 
input to prioritize and maximize 
cross-cutting data outcomes. The 
final plan is to be presented to the 
FPTTEG and the CRAFT governing 
board for formal endorsement as 
the industry-consensus LOCA test 
plan. Regular review and updates of 
the plan will be necessary to ensure 
relevance and impact.

The AFC combined 
TREAT and SATS LOCA 
plan will address cross-
cutting industry needs 
as a first-of-a-kind 
approach to evaluate 
High Burnup Fuels 
during LOCA.
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Figure 1. AFC combined TREAT 
and SATS HBu LOCA test plan 
has been completed with 
support from stakeholders. 
The plan leverages the best 
capabilities in the world at 
ORNL and INL for testing and 
characterization

TREAT TWIST 
LOCA Device

Severe Accident Test Station

Accomplishments:
The AFC test plan represents the 
culmination of multiple activities 
and research teams at Oak Ridge 
National Laboratory (ORNL) 
and Idaho National Laboratory 
(INL) from the past several years 
including a critical review of FFRD 
during LOCA. The AFC program has 
worked internally and with industry 
and other Department of Energy 
(DOE) programs to develop a clearer 
understanding of prototypic LOCA 
conditions of relevance to high 
burnup fuel. This work has revealed 
boundary conditions of potential 
consequence where temperature 
evolution and ramp rates have not 
been explored by any LOCA experi-
ments to date. Meanwhile, the SATS 
system at ORNL has been developed 
for several years now with testing 
already performed on HBu fuels, 
similar to testing performed by 
other facilities such as Studsvik. 
The SATS system is currently 
undergoing some system upgrades 
to better address identified data 
gaps. At the same time, a LOCA test 
design has been developed at INL 
within TREAT based on evaluated 
needs and unique in-pile capability 
since the closure of the Halden test 
reactor. Meanwhile, the Nuclear 
Regulatory Commission published a 
Research Information Letter on the 
topic of FFRD during LOCA which 
has further stirred the community 
and casts light on further research 
opportunities.  The AFC LOCA 
plan was drafted early this year as a 
combined INL and ORNL effort with 
support from the FPTTEG to provide 
a point of consensus for cross-cutting 
research. The plan addresses the 
testing data gaps and focuses on 

experiment drivers, technical objec-
tives, and a description of the means 
to achieve them.

The draft plan was provided to stake-
holders via the FPTTEG members, 
with significant feedback provided 
by five non-laboratory organizations. 
A separate report has been created  
to document all comments and 
associated responses, maintaining 
privacy of the comment source. The 
plan will undergo final presentation 
to the FPTTEG and then to the 
CRAFT governing board for final 
endorsement and signature, prior 
to public release. The plan will be 
reviewed and updated as needed 
(~ annual basis) with the FPTTEG 
serving in an advisory role.
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The available data on transient 
fission gas release (tFGR) 
relevant to light water reactors 

(LWR) is sparse [1–6] and the fuel 
conditions covered by this data are 
also limited. Creating additional 
relevant tFGR data that is applicable 
to different fuel irradiation histories 
is complex for several reasons.  
There is not a viable surrogate for 
irradiated nuclear fuel that can 
be used to study this behavior.  
This limits the study of tFGR to 
facilities that can safely handle 
and refabricate irradiated fuel into 
relevant test items.  The available 
data suggests tFGR testing must be 
carried out under fuel pin relevant 
pressure (~10 MPa) to be characteristic 
of in-pile conditions [2,6].  This 
increases the complexity of systems 
designed to capture tFGR because 
they must handle high pressures.  
Measurement of tFGR is typically 
accomplished by measuring the 
release of the long-lived radioactive 
fission product Kr-85 with gamma 
spectrometry. An additional compli-
cation to detecting tFGR is the short 
timescale over which tFGR occurs.  
The release appears to occur in a 
burst at certain on-set temperatures 
[3,4].  Attempts to capture the onset 
of release at pressure have previously  
used a stepwise approach to collecting 
Kr-85 [6].  Given the complexity of 
this phenomenon, it is doubtful 
that a perfect experiment can be  

Design of Severe Accident Test Station Fission Gas Release Capability
Principal Investigator: Jason Harp
Team Members/ Collaborator: Yong Yan, Adam James, Chuck Baldwin, Nathan Capps

performed that results in a 
mechanistic model for tFGR.  
Understanding tFGR will require 
collecting data on a variety of fuel 
conditions in separate experimental 
apparatus some of which isolate key 
variables while some evaluate the 
integral tFGR response.  To this end, 
ORNL is developing two systems to 
further study tFGR.  One system is 
designed to focus on visualization 
and tFGR from small samples of 
fuel during rapid heating (featured 
elsewhere in this document). The 
other system will focus on integral 
tFGR tests under as representative 
as possible conditions.  It will be 
coupled with the ORNL Severe Acci-
dent Test Station (SATS) and builds 
upon previous ORNL experience with 
the Core Conduction Cooldown Test 
Furnace (CCCTF) [7].

Project Description:
The goal of the integral testing is to 
capture the onset temperature of 
tFGR and the amount (moles of gas) 
of tFGR for a segment experiencing a 
representative loss of coolant accident 
(LOCA) transient.  This release is also 
being measured while the fuel is 
under mechanical constraint by the 
cladding and under representative 
fuel pin internal pressure prior to 
the segment bursting. For the ORNL 
approach, segments of irradiated fuel 
will be cut into 15 to 30 cm segments.  
These segments will be refabricated 
with end-caps and connected to 
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This new system will evaluate critical gaps in transient fission gas release behavior for fuel 
segments experiencing simulated LOCA events

Figure 1. A schematic representation of the designed tFGR system
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a pressurization system.  It is not 
feasible to circulate high pressure 
gas through the segment and out 
of the hot-cell into a fission gas trap 
during a test.  During the test, the 
segment will be stepwise heated to a 
temperature at a specified ramp rate, 
the content of the segment will be 
expanded into a larger volume and 
sent to the fission gas traps out-of-cell 
at atmospheric pressure where the 
content will be evaluated by counting 
the released Kr-85 content.  The test 
will then proceed on to the next hold 
temperature until the final tempera-
ture is reached.  Alternatively, it will 
be possible to simply heat the fuel 
segment under representative LOCA 
ramp and pressure conditions and 
then capture the total amount of tFGR 
released by the sample.  However, the 
onset temperature and evolution of 
tFGR will not be captured in this sort 
of test.

Accomplishments:
The design of the tFGR system  
attachment to SATS is complete, 
components are ordered, and some 
assembly of the components has 
begun.  The tFGR system consists of 
a sweep gas system to conduct gases 
from the SATS in-cell to a fission 
gas detection system out-of-cell, a 
series of cold traps to capture off-gas 
from heating tests, and a gamma 
spectrometry system to detect Kr-85.  
In addition to the cold trap system, a 
mass spectrometry system will also 
be available to sample the content of 
the gas exiting the hot-cell.  A flow 
diagram of the system is included in 
Figure 1.  The system table, moisture 
trap, cold trap. detector system, and 
some additional components are 
shown in Figure 2.  This system will 
be assembled for cold testing over the 
next few months.  Testing on irradi-
ated fuel is expected by the end of 
September 2023.

Figure 2. Images of some 
components of the tFGR system 

prior to final assembly

Front view Back view

Vacuum 
pump

Moisture Trap

Nal (Tl)
DetectorComponents (heater controller, gas �ow 

meter...) to be mounted on front panel

LN2 Cooled 
Charcoal Trap & 
Lead Shielding Moisture Trap
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Novel application 
of digital image 
correlation and infrared 
thermography during 
burst testing provides 
a robust framework for 
not only characterizing 
incumbent materials 
but also accelerating 
qualification of 
Accident Tolerant Fuel 
cladding concepts.

A novel approach has been 
developed to measure 
in-situ temperature profiles, 

pressure, and strain during burst 
testing of nuclear fuel claddings. 
This includes the application of 
digital image correlation to quantify 
strain and infrared thermography 
to determine temperature gradients. 
Both techniques have never been 
simultaneously applied during a 
burst test. The work presented in the 
report demonstrates the upgraded 
burst test measurement capabilities 
on zirconium claddings as a test 
case, with the long-term goal of 
developing high fidelity models for 
Accident Tolerant Fuel (ATF) cladding 
materials. Quantities such as multi-
dimensional strain and strain rate of 
select cases are presented alongside 
axial temperature profiles.

Project Description:
Burst testing has long been a 
reliable method of characterizing 
fuel cladding materials in accident 
transients. However, most data 
generated from these efforts results 
in end-of-life measurements such as 
burst temperature and pressure as 
well as post-test strain. In-situ strain 
and temperature data linking the 
as-received and end-of-life conditions 
was previously not captured. There-
fore, a technical goal of this research 
was to demonstrate a methodology 
by incorporating modern in-situ 
experimental techniques, increasing 
characterization capabilities 
during burst testing. Specifically, 

the intent was to simultaneously 
incorporate digital image correla-
tion and infrared thermography to 
completely quantify strain, loading, 
and axial temperature of zirconium 
and ATF claddings throughout 
testing. Successful application 
of these techniques will address 
data and modeling gaps, develop 
new material models, and refine 
current predictive capabilities. The 
developed methodologies will be 
applied beyond incumbent systems 
to ATF cladding concepts such as Cr 
coated zirconium and Fecal alloys. 
This work was largely driven by the 
need for accelerated qualification 
of such new cladding materials. 
Development of in-situ characteriza-
tion capabilities will lead to better 
understanding of safety limits and 
reduce the time and cost of qualifi-
cation of ATF materials. Additionally, 
current interest in approval to 
higher burnup in light-water reactors 
beyond the current 62 GWd/TU 
limit will require more detailed 
characterization of zirconium 
systems. Such an increase will allow 
for longer fuel cycles, increasing 
the efficiency and economics of 
reactor operations. Before burnup 
extension can be approved, there 
are key safety related research areas 
that need addressing, including 
improved understanding and 
modeling capabilities of fuel clad-
dings in loss-of-coolant accident 
scenarios. Therefore, the main 
objectives of this research were: 

Report Summarizing Progress in Digital Image Correlation Analysis  
of Burst Phenomenon
Principal Investigator: Nathan Capps, Kenneth Kane
Team Members/ Collaborator: Samuel Bell, Benton Garrison, Mackenzie Ridley, Brandon Johnston, Kory Linton
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Figure 1. (a) Full cladding train set in the furnace. (b) Perspective of the cladding 
segment outside the viewport. (c) Diagram illustrating the effect of the silicon 
carbide shell for improved thermography results

(1) demonstrate the ability of the 
recently developed framework for 
reliably measuring in-situ cladding 
behavior during simulated accident 
conditions and (2) begin testing of 
an incumbent zirconium alloy to 
address community concerns.

Accomplishments:
As accident scenarios place claddings 
in conditions where creep mecha-
nisms can dominate deformation, 
simultaneous knowledge of time, 
temperature, strain, and loading are 
necessary to characterize behavior. 
To demonstrate the newly developed 
framework and to work towards 
addressing community concerns, 
digital image correlation and infrared 
thermography techniques were 
applied to eight burst tests of zirco-
nium claddings. However, before 
targeted testing began, several novel 
challenges were addressed. Typically, 
the specimens used for burst testing 
are 30 cm in length. Due to the 
constraints of the viewport and 
slight variability in failure location, 
initial testing focused on finding the 
optimal cladding length, Figure 1, to 
ensure ballooning occurred in view 
of the cameras while maintaining 
fidelity of experimental conditions. 
Conventional metrics for the 
shortened segments such as burst 
temperature and pressure, Figure 
2, agreed with legacy empirical 
models indicating the tests are 
representative. Additionally, this 
work has identified a gap in the 
historic model requiring additional 
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Figure 2. Burst temperature and 
pressure data from shortened 

segments demonstrating agreement 
with historic empirical model

investigation. Another technical 
challenge addressed was related 
to thermography measurements. 
The furnace used in burst testing 
emits infrared radiation to heat the 
claddings. This presented a difficulty, 
as the cladding materials reflect a 
large portion of infrared radiation 
leading to measurable reflections 
of the tungsten lamps and skewed 
temperatures readings. To mitigate 
this effect, a 76.2 cm silicon-carbide 
“shell”, shown in Figure 1, was 
placed around the cladding segment 
removing reflections and acted as an 
intermediate heating element.

The test matrix utilized two distinct 
loading conditions: (1) transient 
loading, where the cladding train 
was sealed and the internal pressure 
allowed to increase with temperature 
and (2) constant loading, where the 
claddings were connected to a fixed 
pressure reservoir. The former more 
accurately reflects pressurization 

of fuel rods in accident conditions, 
while the latter seeks to reduce the 
number of variables for development 
and validation of material models.  
Four tests were completed for each 
loading condition, with initial pres-
sures of 6.2, 8.2, 10.3, and 15.9 MPa  
at room temperature. This breadth 
was chosen to preliminarily 
compare cladding behavior across 
a range of conditions pertinent to 
higher burnup fuel. In the report, 
axial temperature profiles from 
infrared imaging, Figure 3, are 
presented as well as strain, Figure 4, 
and strain rate from several tests are 
reported, demonstrating successful 
characterization and integration of 
experimental techniques. Further 
work will focus on utilizing the 
generated data to develop material 
models, as well as refining the 
experimental setup.
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Figure 3. (a) Optical image of cladding 
during ballooning utilized for digital 
image correlation. (b) Thermal image 
with line profile used to extract axial 
temperature measurements

Figure 4. Raw strain data captured by 
integrating digital image correlation
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Demonstration of a Transient Heating and Visualization System  
to Collect and Characterize Fission Gas Release on Irradiated  
Nuclear Fuel
Principal Investigator: Peter Doyle
Team Members/ Collaborators: Jason Harp, Ben Garrison, Kory Linton

The kinetics of fission gas 
release under high temperature 
transients is an important 

consideration for increasing burnup 
of nuclear fuel in Light Water Reac-
tors (LWRs). Several groups have 
performed experiments to under-
stand different portions of fission 
gas release [1–3] and others have 
conducted work to model fission gas 
release, with a particular focus on 
gas bubble physics [4,5]. Although 
many important details regarding 
mechanisms of gas release have 
been determined by these efforts 
[6], several outstanding questions 
remain to be addressed to aid in 
modeling fission gas behavior under 
high-burnup conditions. Addition-
ally, transient fission gas release was 
identified as a critical gap in data 
available to support the extension 
of the burnup limit for commercial 
light water reactors [7]. A key aspect 
in addressing these questions is the 
development of experiments in 
which several types of information 
are gathered simultaneously.

Project Description:
The objective of this work was 
to develop a rapid transient 
testing technique allowing visual 
observation of an irradiated fuel 
sample during a temperature 
transient while measuring the 
amount of fission gas released 
and collecting fission gas for 
post-test characterization. 

Figure 1. Images of the system and control cabinet. Full testing station, 
together with major tubing elements (a). Microscope section of the system 

with important components labeled; capacitance meter shown as it protrudes 
above the top plate of the frame (b). Power supply used to power the pressure 

transducers and cooling fans (c). Control cabinet with various components 
indicated (d and f). Components inside the cabinet — including the serial hub, 

LabJack, stage motor controller, and spectrometer — are not shown. Test 
portion of the system’s vacuum section, with important features labeled (e)

a Full 
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The Fuel Heating and Visualization System demonstrates a 
key capability at ORNL to evaluate and observe fission gas 
release in local sections of nuclear fuel.
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Pressure, temperature, and optical 
measurements are collected to 
quantitatively determine the kinetics 
of gas release and correlate this 
release with visual changes in the 
fuel. Heating occurs inside a small 
vacuum system up to 800 ℃ 
where the sample temperature 
is carefully monitored.  With the 
system under 1000 Pa absolute 
pressure, approximately 0.07 µmoles 
instantaneously released gas can 
be resolved during heating. Once 
released, gas in the chamber is 
collected in charcoal traps for Kr-85 
activity determination, followed 
by ultimate release into the hot 
cells. Temperature is measured by 

thermocouples in contact with the 
fuel holder and with additional 
indirect monitoring via pyrometry.  

As this capability is developed, 
this device provides a significant 
capability at ORNL to evaluate gas 
release of small, irradiated fuel 
samples. Samples can be extracted 
from commercial or research 
reactor irradiated fuel samples 
and be visualized during heating 
operations. This capability will 
enable experimental campaigns 
to evaluate fission gas release for 
specific radial portions of fuel, which 
will contribute to the knowledge 
of accident progression in current 
commercial light water reactors. 

Figure 2. Fuel sample on the SiC holder 
at a) 460℃ and b) 0.3 seconds after 
showing sample disappearance. The 
fuel piece is shown in the center of 
panel a) with the associated cladding 
segment detached above the fuel to 
the left
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Figure 3. Optical images of the heated 
TiHx sample at various stages in the 

test. Images are shown at (a) the start 
of heating, and at sample temperatures 

of (b) 400 ℃, (c) 500 ℃, (d) 600 ℃,  
(e) 700 ℃, and (f) 760 ℃. Annotations 

in (a) indicate the foil location, as 
well as the alumina insulators for the 

thermocouple wires. The AlN sample 
plate is holding the TiHx sample and is 

the only other feature in the images 

Moreover, as new accident tolerant 
fuel (ATF) variants of UO2 and 
other novel fuel technologies are 
irradiated and sent of postirradiation 
examination, this capability will 
allow detailed examination of 
off-normal gas release behavior in 
this fuel as well.

Accomplishments:
The system was successfully 
built and demonstrated on 
two different sample sets: a 
hydrogen-impregnated Ti foil and 
an irradiated fuel sample. Final 
instrument configuration is shown 
in Figure 1. The primary heating 
chamber consists of a 4-way vacuum 
cross. On one end of the cross a 

light emitting diode (LED) source 
provides illumination. Opposite 
the LED is an instrumentation 
cross that consists of the gas outlet, 
thermocouple leads, a sample 
gas chamber for system volume 
analysis, and two pressure meters 
(one full range to atmosphere and 
the other a <1400 Pa capacitance 
meter). The top of the cross goes to 
a viewport which is connected to 
a microscope onto which a camera 
and spectrometer are attached. The 
camera views all visible light, and 
the spectrometer receives infrared 
light for pyrometric evaluation.

During a test, the bottom of the 
cross is loaded with a custom flange 
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with a gas inlet and electric leads. 
On the vacuum side of this flange, 
these leads are connected to a 
microheater onto which is placed a 
ceramic holder, AlN or SiC, which 
contains the sample. For the TiHx 
foil test AlN was used, while the fuel 
test used a 3D-printed SiC holder. It 
was found that the AlN holder was 
more durable but the SiC holder 
was more readily manufacturable 
into the required form. Because of 
cracking concerns in the SiC, the 
maximum temperature of the initial 
fuel test was set to 650 ℃ and the 
TiHx sample was able to be heated 
to 760 ℃.

To test large gas volume detection, 
the TiHx sample was prepared with 
a calculated 0.21 mmol H2, sufficient 
to create a pressure change of 900 
Pa within the chamber. Heating the 
sample at rate of 20 ℃/min to 760 ℃. 
Optical observation of the sample 
throughout the test can be seen 
in Figure 2. In this test, the visible 
area of the foil sample was partially 
shielded by the alumina insulated 
thermocouple wires. Clear gas 
evolution was found in this test with 
a calculated gas release of 0.18 mmol 
H2, similar to the estimated 0.21 
mmol H2 calculated initially to be in 
the sample.

The fuel test was accomplished with 
0.8 mm3 fuel piece with a burnup 
of 84 GWd/kgU. This fuel was taken 
from the same fuel segment that was 
LOCA tested as NA#2 in Reference 
[8].  This sample was removed from 
the outer edge of a fuel pellet by 
cutting three grooves around the 
sample normal to the interface 
and then cutting out a 1 mm thick 
slice. This piece was loaded onto 
the SiC holder and heated at 25 ℃/

min to 650 ℃. At 460 ℃ the sample 
disappeared from view. This is 
shown in Figure 3. Evaluation of the 
released gases further showed 85Kr 
had been released during the testing.  

This first heating of nuclear fuel in 
the Fuel Heating and Visualization 
System demonstrates a key capability 
at ORNL to evaluate and observe 
fission gas release in local sections of 
nuclear fuel. Additional capability 
improvements are being investigated 
in data collection and sample 
retention for future experiments.
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The objective of increasing 
the fuel burnup in current 
Pressurized Water Reactors 

(PWRs) requires higher fuel enrich-
ments than the current <5 w/o. The 
use of higher enrichments reduces 
the worth of current silver-indium-
cadmium (AIC) control rods. An 
option to address this issue is to 
explore other control rod materials 
with the objective to enhance the 
poisoning effects/requirements 
while maintaining structural 
integrity/functionality during 
normal operation and accident 
conditions. These objectives are a 
natural complement to accident 
tolerant fuel (ATF) concepts which 
are viewed as enablers to the 
achievement of higher burnups. The 
combination of accident tolerant 
fuel/cladding and advanced control 
rods enhances the performance and 
safety of light water reactors (LWRs) 
in normal/high burnup and accident 
conditions beyond those achievable 
by ATF alone.

Project Description:
Requirements and desirable  
characteristics of advanced/accident 
tolerant control rods include:

• Options must:
Maintain or exceed absorption 

capabilities (shutdown, ejected 
rod worth, etc.) for desired 
target lifetime

Maintain structural integrity and 
functionality under operating 
and accident scenarios (ability 
to be inserted/withdrawn, 
handle loads/shocks, such as 
due to SCRAM)

Be chemically and mechanically 
“robust” in reactor temperature 
and radiation environment

High miscibility with fuel  
materials to avoid possibility  
of re-criticality

• Desirable characteristics include:
High melting temperature: 

Absorber, cladding/sheath
Minimal adverse chemical  

interactions: Between absorber 
and cladding/sheath, coolant, etc. 

Minimize adverse mechanical 
interactions, e.g., swelling, wear/
fretting, ballooning, bowing

Resource availability,  
manufacturability, cost

This FY the neutronic performance 
of hafnium-based control rods that 
could potentially satisfy the above 
criteria was evaluated with a focus 
on implementation in PWRs with 
fuels with an enrichment of 7 w/o 
to achieve high burnup. Impacts 
considered include control rod 
worth, as well as fuel and moderator 
temperature coefficients, and 
soluble boron worth. The present 
effort is complementary to work 
performed at Brookhaven National 

LWR Computational Analysis 
Principal Investigator: Michael Todosow 
Team Members/ Collaborator: Arantxa Cuadra

2.5 LWR COMPUTATIONAL ANALYSIS

The combination of 
accident tolerant  
fuel/cladding and 
advanced control rods 
with improved thermo-
chemical/ mechanical 
characteristics enhances 
the performance and 
safety of LWRs in 
normal and accident 
conditions beyond those 
achievable by ATF alone 
and will be an enabler for 
successfully achieving 
higher burnups.
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Figure 1. Control Rod Worth vs. Burnup

Laboratory (BNL) in 2019 and an 
ongoing Nuclear Energy University 
Project (NEUP) on accident tolerant 
control rods (ATCR)

Accomplishments:
There are a number of candidate 
options for more “robust” control 
rods (higher temperature, reduced 
hydrogen generation, minimize 
adverse chemical and mechanical 
interactions) to complement fuels 
with enhanced ATF. These include 
rare-earths (e.g., Re2O3 where Re=Gd, 
Er, Dy, etc.), hafnium, etc. These 
have been considered in combina-
tion with material other than the 
stainless steel currently used for the 
“sheath”/cladding (e.g., SiC, FeCrAl) 
as well as “bare”. In the present 
work, options based on hafnium as 
a replacement for AIC in a stainless 
steel sheath in the standard PWR 

Control rod geometry were evalu-
ated via scoping calculations with  
a detailed TRITON model of a  
Westinghouse 17x17 fuel assembly. 
The standard AIC control rod 
(24-rodlets) was replaced by selected 
hafnium-based control rods with: 
Hf, HfB2, HfO2, HfC. Control rod 
worths as a function of fuel burnup 
are shown in Figure 1 based on 
“branch calculation” of rod-out/
rod-in, i.e., the control rod material 
remained at its initial composition.  
Based on these preliminary results 
only HfB2 offers the desired increased 
reactivity worth, recognizing that 
the boron in the present analyses 
assumed “natural” boron. These 
results suggest that hafnium-based 
control rod material, other than HfB2 
do not provide the desired enhance 
reactivity worth for fuels with 
enrichment of 7 w/o.
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2.6 ATF INDUSTRY ADVISORY COMMITTEE

Accident Tolerant Fuel Industry Advisory Committee 
Committee Chair: Bill Gassmann, Constellation
Collaborators: Daniel Wachs, Ed Mai, and Phyllis King 

The Advanced LWR Fuel 
Advisory Committee was 
established in 2012 to advise 

the Advanced Fuel Campaign’s 
(AFC) National Technical Director 
on the direction, development, and 
execution of the campaign’s activities 
related to accident tolerant fuels 
(ATF) for commercial light water reac-
tors (LWRs). This year, the committee 

continued to provide an industry 
perspective on LWR fuels issues that 
are broader in scope than just ATF. 
The industry advisory committee 
(IAC) is comprised of recognized 
leaders from diverse sectors of the 
commercial LWR industry. They 
represent the major suppliers of 
nuclear steam supply systems, 
owners/operators of U.S. nuclear 

power plants, fuel vendors, advanced 
reactor representatives, the Electric 
Power Research Institute (EPRI), and 
the Nuclear Energy Institute (NEI). 
Members are invited to participate 
on the committee based on their 
technical knowledge of nuclear plant 
and fuel performance issues as well 
as their decision-making authority 
in their respective institutions. 



2022 | AFC ACCOMPLISHMENTS 103

During the past year the committee 
provided important industry input 
relative to utility and fuel vendor 
perspectives on the potential benefits 
of ATF and extending the burnup 
and enrichment of current fuels; 
continued efforts in testing, evalua-
tion and examination of new ATFs, 
especially relative to the lead test 
assemblies operating in numerous 

commercial plants; steady state/tran-
sient testing infrastructure needs and 
gaps, in particular at Idaho National 
Laboratory and Oak Ridge National 
Laboratory; coordination between 
Department of Energy (DOE) and 
industry groups such as EPRI and NEI, 
and DOE assistance with industry 
responses to proposed Nuclear Regu-
latory Commission rulemaking.

The IAC meets monthly via 
teleconference and is currently 
chaired by William Gassmann of 
Constellation Nuclear. Additional 
members represent Framatome, 
Global Nuclear Fuels, Westinghouse, 
General Atomics, Terrapower, BWXT 
Nuclear, Dominion, Duke Energy, 
Southern Nuclear, EPRI, and NEI.
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As we look back on the acci-
dent tolerant fuel industry 
accomplishments this 

year, there is a lot of activity across 
the nation to support this mission.  
Lead test rods, and in some cases lead 
test bundles, are in commercial and 
research and development (R&D) 
reactor irradiations now (Vogle, 
Calvert Cliffs, Byron, Hatch, Clinton, 
and the Advanced Test Reactor at 
Idaho National Laboratory).

Cladding irradiation planning is 
also underway for new short term 
(Cr-coated) and long term (SiC vari-
ants) technology approaches in both 
commercial and R&D facilities, with 
multiple teams having completed 
their final designs, initial fabrica-
tions, and testing needed to submit 
for irradiations in FY23.

Industry teams have accelerated 
their efforts to prepare for a transi-
tion to high burnup and longer fuel 
life. Preparations included topical 
reports submitted for Cr-coated 
cladding, burnup limit extensions, 
and LEU+ implementation; license 
amendments to start upgrading 
production facilities for both clad-
ding and enrichment increases; as 
well as scaling up production 

capacity and infrastructure to 
manufacture industrial quantities 
of CR-coated cladding.to burnups 
of 75 MWd/kgU. A lead test rod 
(LTR) program has been defined for 
Électricité de France (EDF) that will 
produce further data for licensing 
Cr coated cladding. Data is also 
being obtained from the ORNL post 
irradiation examinations (PIE) on 
the Byron-2 LTRs (Figure 1), pool-
side examination of the Doel-4 LTRs 
and INL PIEs of cladding from the 
Advanced Test Reactor (ATR).

Nitrogen cold spray (NCS) was 
selected as the coating method to 
be used for Cr coated cladding. The 
primary basis for this decision was 
the absence of scratching during 
loading on the NCS cladding while 
the physical vapor deposition (PVD) 
cladding exhibited some scratching. 
Development work on increasing 
the density and hardness of PVD 
coatings is being pursued. Autoclave 
corrosion testing is continuing for 
both coating deposition methods.

To validate the accident tolerant 
benefit of Cr coated cladding, bundle 
tests were completed at Karlsruhe 
Institute of Technology (KIT) on 

2.7 ATF INDUSTRY TEAMS
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Westinghouse is working 
to commercialize unique 
accident tolerant 

EnCore®* fuel (ATF) designs which 
include advanced Cr coatings on 
cladding and SiGA®* silicon carbide 
(SiC) cladding with the capability 
of using higher 235U enriched 
ADOPTTM* fuel (Cr2O3+Al2O3 doped 
UO2) and U15N fuel (UN) to achieve 
burnups of around 75 MWd/kgU 
and/or substantial power uprates.

Project Description:
The Westinghouse ATF program 
is deploying lead test assemblies 
(LTAs) of Cr coated cladding with 
ADOPT and UO2 pellets with greater 
than 5% enriched 235U higher with 
increased oxidation resistance 
to steam and air at design basis 
and beyond design basis accident 
conditions. The oxidation resistant 
cladding along with the greater 
than 5% 235U fuel and U15N fuel 
provide utilities with fuel capable 

of supporting economic 24-month 
cycles and/or significant uprates. 
This capability significantly lowers 
the cost of operation of nuclear 
plants while providing increased 
accident tolerance.

Accomplishments:
A topical report for burnup extensions 
of current and ADOPT fuel to 68 
MWd/kgU was sent to the Nuclear 
Regulatory Commission (NRC) 
December 14, 2021, and the Safety 
Evaluation Report for ADOPT fuel 
was issued to Westinghouse June 
14, 2022. The Vogtle High Burnup 
Higher Energy License Amendment 
Request for the >5% 235U LTA 
program was submitted to and 
accepted by the NRC for review. 
Manufacturing studies are being 
completed to support the manufac-
ture of Cr coated cladding for the 
Vogtle LTA program beginning in 
2023. This program will support 
the final high burnup topical report 

Accident Tolerant Fuel (ATF) Industry Teams –  
Westinghouse Electric Company LLC 
Principal Investigator: E. J. Lahoda
Team Members/ Collaborators: Westinghouse Electric Company LLC (Westinghouse); General Atomics (GA); Bangor University 
(BU); Idaho National Laboratory (INL); Los Alamos National Laboratory (LANL); Oak Ridge National Laboratory (ORNL); University 
of Wisconsin (UW); University of South Carolina (USC); North Carolina State University (NCSU); University of Virginia UVa); 
University of Bristol (UBr); Constellation Energy Corporation (EC) and Southern Nuclear Company (SNC); Rensselaer Polytechnic 
Institute (RPI), University of Tennessee (UT), University of Texas at San Antonio, Air Liquide (AL), Royal Institute of Technology 
(Sweden) (KTH), Karlsruhe Institute of Technology (KIT)

Westinghouse EnCore 
fuel is a gamechanger 
for the nuclear industry 
because of significantly 
increased safety 
margins in severe 
accident scenarios, 
longer fuel cycles and/
or large uprates, lower 
operating costs, and 
increased flexibility for 
fuel management.



2022 | AFC ACCOMPLISHMENTS 107

to burnups of 75 MWd/kgU. A lead 
test rod (LTR) program has been 
defined for Électricité de France 
(EDF) that will produce further data 
for licensing Cr coated cladding. 
Data is also being obtained from the 
ORNL post irradiation examinations 
(PIE) on the Byron-2 LTRs (Figure 1), 
pool-side examination of the Doel-4 
LTRs and INL PIEs of cladding from 
the Advanced Test Reactor (ATR).

Nitrogen cold spray (NCS) was 
selected as the coating method to 
be used for Cr coated cladding. The 

Figure 1. Cr coated rod before 
and after brushing

primary basis for this decision was 
the absence of scratching during 
loading on the NCS cladding while 
the physical vapor deposition (PVD) 
cladding exhibited some scratching. 
Development work on increasing 
the density and hardness of PVD 
coatings is being pursued. Autoclave 
corrosion testing is continuing for 
both coating deposition methods.

To validate the accident tolerant 
benefit of Cr coated cladding, bundle 
tests were completed at Karlsruhe 
Institute of Technology (KIT) on 
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Figure 3. Test setup of 7.8 liter 
recirculating autoclave system at 

Westinghouse Churchill facility

Figure 2. SiGA metal-bond rodlets with 
surrogate fuel molybdenum pellets 

delivered for ATR cycle
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Westinghouse Cr coated Zr cladding. 
The test simulated loss of coolant 
accident (LOCA) conditions (5°C/
second temperature rise with rod 
pressures of ~55 bar) but terminated 
at 1300°C instead of the current 
1204°C LOCA limit. Much lower 
oxidation was found at the peak 
temperature of 1300°C as compared 
to uncoated Zr cladding. These test 
results will be used to validate the 
beyond design basis accident (BDBA) 
performance models in the MAAP5 
and MELCOR codes. The results 
of these codes and probability 
safety analyses (PSA) which take 
advantage of FLEX capabilities, will 
be used as the basis for the NRC to 
allow downgrading of some equip-
ment classifications, resulting in 
economic benefits for the utility.

Lower length scale modeling (ASM) 
is being used to develop ADOPT and 
UN fuel properties. U15N with 5% 
enriched has a 235U content equiva-
lent to ~6.9% enriched UO2 and a 
higher thermal conductivity that 
also aids in reducing or eliminating 
fuel fragmentation, relocation, and 
dispersal (FFRD).

GA has advanced SiC microstructure 
consistency and demonstrated favor-
able out-of-pile corrosion results 
of its baseline chemical vapor 
deposition (CVD) SiC coating and 
has shown improved hermeticity 
and yields of the locally heated CVD 
endcap joining. Demonstration of  
SiGA cladding irradiation 
performance is scheduled for the 
upcoming ATR cycles 171, 173 and 

175; starting with unfueled SiGA 
rodlets, followed by SiGA metal-bond 
rodlets, and concluding with SiGA UO2 
metal-bond rodlets in ATR cycle 175.

Further, GA is completing fabrication 
of six SiGA metal-bond rodlets with 
surrogate fuel (molybdenum pellets) 
for water loop irradiations in ATR 
cycles 173A/B (Figure 2). In parallel, 
GA is collaborating with Westing-
house to demonstrate autoclave 
robustness of this configuration 
through 120+ days of Westinghouse 
autoclave exposure (Figure 3). Previ-
ously, GA has delivered six unfueled 
SiGA rodlets for ATR cycle 171A, 
currently scheduled to be inserted 
fall 2022.

Preliminary steam oxidation ultra-
high temperature (UHT) testing at 
Westinghouse Churchill of SiGA clad-
ding resulted in minimal corrosion 
at 1600°C in a steam environment. 
ORNL tests showed SiGA cladding 
survived temperatures and pressures 
far above other materials and did not 
burst when to design limits of the test 
apparatus (up to 1200°C and 15 MPa 
internal pressure).

GA continues fabrication prepara-
tion for batches of 3-foot SiC ceramic 
matrix composites cladding as a 
forerunner to fabricating full-length 
(12-foot) SiGA cladding. Corrosion 
and irradiation performance of 2-ft SiC 
metal-bond fuel pins will be demon-
strated in future ATR irradiations.
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Framatome’s Accident Tolerant 
Fuel (ATF) strategy relies on 
a two-phased approach to 

balance benefits with the anticipated 
timeline for full-core deployment. 
PROtect Cr-Cr is Framatome’s 
evolutionary solution which brings 
incremental benefits compared to 
standard Zr-UO2 system. The goal is 
to deploy this product in commercials 
reactors by mid-2020s. PROtect 
SiC is Framatome’s breakthrough 
solution which offers significant 
benefits during beyond design basis 
accidents. A progressive implemen-
tation is envisioned for SiC-based 
solution with an initial goal to 
demonstrate proof-of-concept in test 
reactors by the mid-2020s. 

 In response to Department of 
Energy (DOE) direction, Framatome 
further expanded the Enhanced 
Accident Tolerant Fuel (EATF) 
program to include high burnup 
and increased enrichment with 
the objective of increasing energy 
production and reducing the outage 
costs by minimizing the number of 
refueling outages.

Project Description:
The goal of DOE’s EATF program 
is to develop an economical and 
more robust nuclear fuel design that 
will reduce or mitigate the conse-
quences of reactor accidents while 
maintaining or improving existing 
performance and reliability levels 
in daily operations. After extensive 

testing, evaluation, and down 
selection, Framatome’s technical 
approach addresses three focus 
areas: (i) Coatings for pressurized 
water reactor (PWR) and boiling 
water reactor (BWR) claddings, (ii) 
Chromia-doped and Chrome-variant 
UO2 fuel pellets, and (iii) Silicon 
carbide (SiC) composite materials. 

A dense Cr-coating on a zirconium-
based cladding substrate has the 
potential for improved high tempera-
ture steam oxidation resistance and 
high temperature creep performance, 
as well as improved wear behavior. 
Over the course of the EATF program, 
extensive processing and testing 
activities are being carried out on 
Cr-coated M5Framatome cladding in 
support of batch implementation by 
the mid-2020s 

Building on both the experience 
gained and scientific knowledge 
achieved from the PWR Cr-coated 
cladding development, a coating 
material that is suitable for BWR 
application has been developed. 
Several out-of-piles tests were 
performed to ensure adherence and 
coating quality. Currently, the lead 
test rods (LTR)s with BWR coating 
segments are being irradiated in the 
Monticello reactor and 1st cycle hot 
cell post irradiation examination 
(PIE) is planned for 2023. 

Chromia-doped UO2 pellets can 
improve pellet wash-out behavior 
after cladding breach and reduce 

ATF Industry Teams - Framatome
Principal Investigator: Kiran Nimishakavi
Team Members/ Collaborators: Idaho National Laboratory (INL), Oak Ridge National Laboratory (ORNL), Southern Nuclear 
Operating Company, Kernkraftwerk Gösgen-Däniken, Entergy Nuclear, Constellation Energy, French Alternative Energies and 
Atomic Energy Commission (CEA).

Figure 1. Pre-damaged Cr-coated 
M5Framatome samples after 

three cycles of irradiation in the 
Gösgen reactor.
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Framatome has aggressively pushed the implementation 
schedule for the DOE EATF project by inserting the first full 
length fueled coated EATF LTRs into a commercial reactor 
Vogtle in Spring 2019 and followed that with full length 
coated LTRs in ANO in Fall 2019 and a full EATF lead test 
assembly of coated rods at Calvert Cliffs in Spring 2021 on 
its journey to full batch implementation.

fission gas release. The performance 
of this fuel has been extensively 
studied in out-of-pile and in-pile 
test programs. Chromia-doped fuel 
topical report for PWR application is 
currently under Nuclear Regulatory 
Commission (NRC) review. 

Framatome’s EATF pellet develop-
ment is also focused on improving 
thermal-mechanical properties, 
especially thermal conductivity. 
Variants of Cr-doped UO2 fuel pellets 
have been developed and out-of-pile 
testing showed a significant increase 
in thermal conductivity compared to 
UO2. As part of the proof-of-concept, 
investigation has been focused on 
understanding evolution of thermal 
conductivity and microstructure 
under irradiation. Framatome fabri-
cated and shipped rodlets containing 
chromium variant pellets for testing 
in ATF-1 experiments. 

Framatome is also developing a 
composite cladding comprising 
a silicon carbide fiber in a silicon 
carbide matrix (SiCf/SiCm) for  
revolutionary performance improve-
ments. The objective is to develop a 
system which does not suffer from 
the same rapid oxidation kinetics 
of zirconium-based cladding while 
having attractive operating features 
such as reduced neutron absorption 
cross-section and higher mechanical 
strength at accident temperatures. 
Currently, Framatome fabricated test 
rodlets made of SiC-based composite 

for irradiation in the Massachusetts 
Institute of Technology Reactor 
(MITR) and Advanced Test  
Reactor (ATR). 

Framatome’s innovative SiC-based 
cladding design solves critical feasi-
bility issues and NRC concerns such 
as hydrothermal corrosion, fission 
gas retention and end plug sealing.

Figure 2. Cr-coated fuel rods after two 
cycles in Vogtle (left and right corner 
rods were coated with chromium) 
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Figure 3. Cr-coated fuel rods 
after one cycle in ANO (two 

corner rods on left were coated 
with chromium) 

Accomplishments:
IMAGO was the first irradiation 
campaign of Framatome’s Cr-coated 
samples in the Gösgen nuclear 
power plant (NPP). Irradiation was 
launched in 2016. Several Cr-coated 
samples were placed in the materials 
test rods (MTRs) and directly 
exposed to the reactor coolant and 
the radiation. Some coated samples 
were pre-damaged to simulate 
coating defects and scratches, 
which could arise during bundle 
fabrication. Pre-damaged PROtect 
Cr samples after three cycles of 
irradiation showed excellent coating 
adhesion even near the pre-damaged 
region with no indication of coating 
degradation. The color of the 
Cr-oxide is in the blue to purple 
range and aligns with the expected 
behavior for undamaged Cr-coatings. 

Metallographic analysis did not  
show increased corrosion of the 
exposed M5Framatome substrate  
at the damaged region relative to  
an uncoated M5Framatome  
cladding tube.

Framatome with the support 
of Southern Nuclear installed 
PROtect Cr fuel rods in the Vogtle 
Nuclear Power Plant in 2019. This 
program was the first irradiation 
of integral Cr-coated M5Framatome 
cladding with Cr2O3-doped UO2 fuel 
(Cr-Cr2O3) in a commercial reactor. 
Additionally, this was the first 
irradiation of full-length PROtect 
Cr fuel rods. Four assemblies 
each containing four full-length 
Cr-coated M5Framatome rods were 
installed in 2019. First cycle visuals 
were collected in Fall 2020 and 
the results were reported in the 
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previous Advanced Fuels Campaign 
(AFC) report. Second cycle visuals 
were collected in Spring 2022. The 
Cr-coated fuel rods are in good 
shape with no signs of coating 
delamination. The lustrous golden 
appearance of Cr-coated rods is not 
clearly visible due the crud layer, 
which covered all the fuel rods. Other 
inspections, such as fuel rod diameter 
measurements demonstrated the 
expected behavior.

A limited number of Cr-coated fuel 
rods were installed in Arkansas 
Nuclear One (ANO) reactor in 2019. 
After one cycle, Cr-coated fuel rods 
showed lustrous-gold appearance 
indicating a signification reduction 
in corrosion kineties compared to 
uncoated cladding. The coating 
remained tightly adherent, and 
there was no sign of coating degra-
dation. These observations are 
consistent with the findings of other 
irradiation campaigns.

Framatome is scaling up its production 
capacity to manufacture industrial 
quantities of Cr-coated cladding. A 
more detailed design phase has been 
launched to flesh out the specifics 
of the industrial pilot. Fabrication of 
full-length cladding transportation 
system has been launched and this 
mockup system will be tested at 
the supplier’s facility to validate its 
functionality. Additionally, a scaled 
down version of the transportation 
system is being attached to one of 
the prototype machines at Paimboeuf 
to test its functionality during the 
deposition process.

Framatome has developed an 
innovative SiC-based design which 
addresses several key issues of SiC/
SiC composite cladding. A thin 
environmental barrier coating 
on the outer surface protects the 
cladding against recession under 
normal operating conditions and a 
tubular liner inside the composite 
helps with the hermetic sealing. 
Framatome manufactured SiC-based 
rodlets which are ready for irradia-
tion in MITR and ATR.

Figure 4. PROtect SiC rodlets for 
ATR irradiation
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General Electric Progress in Developing Accident Tolerant Fuels
Principal Investigator: Raul B. Rebak
Team Members/ Collaborators: Evan J. Dolley, Russ M. Fawcett, Mason Makovicka, Rich Augi, David Barrientos, Dan Lutz,  
Tyler Schweitzer, Jason Harp, David Kamerman, Fabiola Cappia, Scarlett Widgeon Paisner

General Electric (GE) has been 
working on the develop-
ment of Accident Tolerant 

Fuels (ATF) since October 2012. 
GE is pursuing several concepts 
to develop a more robust and 
economically feasible fuel that can 
withstand accident conditions while 
generating less hydrogen and main-
taining a coolable fuel architecture 
for longer times. These concepts 
include the development of; (1) 
two cladding concepts (ARMOR 
or coated Zircaloy-2 & monolithic 
FeCrAl), (2) Fuel with improved 
thermal and mechanical properties, 
and (3) fuels with enrichments of 
fissile uranium higher than 5% & 
burn up limits higher than 62 GWd/
MtU (Figure 1).

Project Description:
The technical objective of the GE-led 
ATF project is to develop materials 
that will make fuel rods more 
reliable to operate in light water 
reactors (LWRs) both in terms of 
safety and economics. The use of 
these materials may also allow for 
the extension of the life of currently 
operating reactors and avoid their 
premature decommissioning. It is 
projected that nuclear energy will 
continue to be an important share 
of clean energy that may alleviate 
climate change in the next few 
decades. The newer materials were 
never used before in LWR; therefore, 
their suitability needs to be evaluated  
in the entire fuel cycle, from 
economical tube and rod fabrication 

to final used fuel disposal. GE is 
currently engaged in evaluating ATF 
fuel materials in the entire fuel cycle 
of LWR (Figure 2). For this effect GE 
is working with utility partners  
such as Southern Nuclear and 
Constellation, with national  
laboratories (such as Idaho National 
Laboratory (INL), Los Alamos 
National Laboratory (LANL), and 
Oak Ridge National Laboratory 
(ORNL)) and industrial partners 
such as Alleima AB (formerly 
Sandvik Materials Technology). The 
information gathered in the current 
project for the IronClad or FeCrAl 
cladding can also be used in near 
future for the next generation of  
reactors since FeCrAl alloys possess 
high strength and oxidation 
resistance at temperatures higher 
than 600°C. While doing materials 
characterization this project is also 
helping to train the next generation 
of nuclear materials scientists that 
will help keeping nuclear energy a 
consistent source of clean energy.

Accomplishments:
The accomplishments for GE can be 
summarized in the following areas: 

6.1 (by Mason Makovicka) During 
the fiscal year of 2022 coating cladding 
work continued research and devel-
opment activities for an ARMOR 1.0 
replacement. The investigation into 
the causes of the performance miss 
in reactor of ARMOR 1.0 at Hatch 
was completed. Both the ARMOR 
1.5 and ARMOR 2.0 initiatives 
were advanced. A large number of 

GE is pursuing the 
development of more 
robust fuel materials 
for LWR, both for the 
shorter term (~5 years) 
and the longer term 
(~10 years) commercial 
implementation.
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Figure 1. ATF Related Areas of  
Study under Consideration by  
General Electric.
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screening tests were conducted on 
multiple ARMOR 1.5 and ARMOR 
2.0 concepts with mixed results. The 
fiscal year will conclude with a down 
selection of ARMOR 1.5 concepts to 
move the effort into an optimization 
phase to focus on the most promising 
coating architecture. ARMOR 2.0 
will similarly go through a down 
selection that will take place in the 
next fiscal year.

6.2 The advancements in the char-
acterization of IronClad (FeCrAl) 
continued during the fiscal year and 
most of the results were published 
in more than 15 articles (see publica-
tions list). More manuscripts will 
appear in the following period.

6.3 (by Dan Lutz) Irradiations of 
ARMOR and IronClad are being 
conducted in Hatch, Clinton and 
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the INL Advanced Test Reactor 
(ATR). Hatch ARMOR lead test 
assemblies (LTAs) completed their 
second cycle of operation in early 
2022 and are now all permanently 
discharged; a single Hatch IronClad 
Lead Test Rod continued to operate 
in 2022 in its third cycle in Hatch. 
All Clinton ARMOR LTA bundles 
remain discharged after completing 
one cycle of operation in 2021; 
two Clinton IronClad LTA bundles 
have completed their first cycle of 
operation and are awaiting poolside 

inspection that is planned for 
2023 while a third IronClad LTA 
bundle is currently operating in its 
second cycle. ARMOR and IronClad 
ATR irradiation under ATF-2 was 
completed in 2021. Hot cell examina-
tions of ARMOR and IronClad irradi-
ated in Hatch and ATR have been 
advanced by ORNL and INL, while 
a shipment of Clinton one-cycle 
IronClad Lead Test Rods to ORNL is 
being planned for 2023.

6.4 (by Tyler Schweitzer) Interac-
tions with the Nuclear Regulatory 

Nuclear Waste Geologic Repository
~1 Million years

Economical 
Fabrication 
of Fuel Rods 

& Bundles

Reactor Residence
~8 years

Cooling Pools
~5-20 years

Dry Cask Storage
~100 years

1

2

4

5

3

Reprocessing

Life Cycle of a Fuel Bundle

Figure 2. The Newer ATF  
Materials need to be Evaluated  

in the Entire Fuel Cycle.
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Commission (NRC) continue to 
be constant and productive. In 
December 2021 Global Nuclear 
Fuels (GNF) submitted three topical 
reports to the NRC that are needed 
for low enriched uranium (LEU)+ 
implementation, including update 
to Lattice Neutronic Characteristics 
Evaluation & Research code (LANCR) 
for LEU+, update to LANCR Model, 
and LANCR/PANAC (GE 3D core 
simulator code) Implementation 
topical reports. Submitted Special 
Nuclear Materials (SNM)-1097 
License Amendment to the NRC to 
enable the GNF-A fuel fabrication 
facility to handle LEU+. Pre-submittal 
meeting with the NRC in July of 2022 
for the downstream implementation 
LTR for LANCR with plans to submit 
later in 2022. GNF fresh fuel transport 
container RAJ-II pre-submittal 
meeting completed and planning to 
submit by the end of September 2022. 
GNF updated the NRC in August 
2022 with the overall LEU+/high 
burnup (HBU) licensing plan and 
program trajectory, and GNF partici-
pated in the NRC HBU workshop in 
August 2022.

6.5 (by Tyler Schweitzer) GNF 
continues to progress on updating 
methodologies to enable LEU+ and 
HBU. After the initial submittal of 
the LANCR topical reports, GNF 
began working on implementing 
LANCR into the downstream 
methods. GNF is working to prepare 

a topical report for HBU licensing 
and will address the issues raised in 
NRC RIL-2021-13 as well as hydrogen 
for higher burnup.

6.6 (by Rich Augi and David 
Barrientos) GE has had extensive 
positive interaction with the utilities, 
mainly Southern Company and 
Constellation, which have been fully 
supportive on GE’s current direction. 
The collaborative approach working 
with these two companies is on the 
current LTAs (Clinton + Hatch), and 
the HBU Lead Use Assembly (LUAs; 
Limerick) to make sure GE can 
obtain as much valuable information 
as possible. The utilities have also 
contributed to conversations with 
DOE, as we continue progressing 
through the funding reduction and 
product trajectory. Deployment 
for ARMOR and LEU+/HBU will 
be closer to the end of the decade. 
IronClad has an estimated deploy-
ment date closer to mid-2030s. GE 
continues working with our utility 
partners and national labs getting as 
much information from LTAs and 
advancing our methods to support 
the data that’s needed for all the 
licensing topical reports to ultimately 
deploy each technology.
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General Atomics – Electromagnetic Systems (GA-EMS)
Principal Investigator: Ryan Hon
Team Members/ Collaborators: Westinghouse Electric Company LLC, Structural Integrity Associates Inc., Constellation Energy 
Corporation

The Irradiation of Silicon 
Carbide Ceramic Matrix 
Composite Cladding in 

a Commercial Nuclear Reactor 
project will complete all the design, 
manufacturing, and licensing neces-
sary to irradiate GA-EMS’ SiGA® 
silicon carbide composite (SiC-SiC) 
cladding in a commercial reactor, 
helping to drive future development 
and commercialization.

Project Description:
The SiGA® Commercial Reactor 
Irradiation Project’s objective is to 
complete all the necessary steps for 
the irradiation of SiC material in a 
commercial nuclear reactor. After 
completion of the project, the SiC 
samples will undergo one cycle of 
irradiation in a commercial nuclear 
reactor from fall 2024 to spring 
2026. Subsequent post irradiation 
examination of the samples will 
occur in the fall 2026 and will 
provide SiC performance data under 
prototypical coolant and irradiation 
conditions to support future SiGA® 
development and testing. This 
data, along with the lessons learned 
while designing and licensing the 
irradiation, will enable accelerated 
implementation of lead test rods, lead 
tests assemblies, and commercializa-
tion of SiGA® cladding.

As lead, GA-EMS will be manu-
facturing selected silicon carbide 
samples to obtain data to support 

future test programs and validate 
current and future models. GA-EMS 
is subcontracting with Westing-
house, who will be designing and 
manufacturing metallic capsules 
to house the SiGA® samples, and 
Structural Integrity (SI), who will 
be providing modeling support. 
Constellation, as a partner, will be 
providing a commercial reactor for 
the irradiation as well as licensing 
and analysis support.

This project is part of a larger 
SiC-SiC cladding development 
effort at GA-EMS that includes 
funding via the Accident Tolerant 
Fuel (ATF) program, the Industry 
Opportunities for Advanced Nuclear 
Technology Development program, 
and internally funded work. Data 
obtained following this project will 
be combined and correlated with 
data obtained through irradiation 
of SiGA® in test reactors to support 
follow on commercial reactor 
irradiations. The project accelerates 
the development of SiC cladding 
which has the potential to increase 
the safety and economics of the 
current reactor fleet due to its high-
temperature strength and irradiation 
stability enabling high-burnup 
high-enrichment fuels.

Accomplishments:
In the previous year GA-EMS 
completed the needed preliminary 
actions and objectives to position 

The project will 
accelerate development 
and licensing of 
SiGA® SiC-SiC 
accident tolerant fuel 
cladding by obtaining 
representative 
irradiation and 
corrosion performance 
data in a commercial 
nuclear reactor.
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Figure 1. Comparison of smaller 
diameter and standard ATF diameter 
SiGA® cladding

itself for successful manufacturing 
of SiGA® test specimens and related 
design and modeling work required 
for reactor insertion. This included 
completing an initial test plan for 
irradiation detailing the irradiation 
objectives, requirements, conceptual 
SiC sample design, and post irra-
diation planning. The plan aims to 
capture the details needed to realize 
the follow-on goal of obtaining 
post irradiation data that will drive 
SiGA® development. SiC samples 
will be unfueled, to avoid the need 
for a license amendment request, and 
were selected to investigate corrosion, 
joint and cladding strength with 
irradiation, and bowing. A modified 
guide tube thimble plug assembly 
was chosen as the vehicle to house 
and insert the SiC samples into the 
core to minimize the impact on 
reactor operations and facilitate 
licensing through the 10 CFR 
50.59 process. Westinghouse has 
providing initial scoping on the 
thimble plug assembly irradiation 
concept and predicts that the fit 
form and function of the guide  
tube thimble plug assembly will  
not change with the addition of  
the silicon carbide samples. The 
project has secured approval from 
Constellation for irradiation of the 
silicon carbide material in Byron 
Unit 1 targeting the October 2024 
refueling outage.

To fit within the guide tube thimble 
plug assembly, SiGA® samples need 
to be manufactured at a smaller 
diameter than current ATF cladding  
specifications. GA-EMS has 
demonstrated the manufacturing 
of two batches of reduced diameter 
SiC samples that exceed expected 
insertion requirements and are 
representative to the larger diameter 
accident tolerant fuel cladding in 
terms of braid geometry, strength, 
and leak tightness. Samples easily 
met the leak tightness requirement 
of <1e-7 atm*cc/s and strength 
testing shows ultimate tensile 
strengths within 10% of ATF clad-
ding values. GA-EMS is confident 
that the smaller diameter samples 
will provide representative data to 
support commercialization of the 
larger diameter design. 

SI has begun modifications on 
their PEGASUS finite element fuel 
performance code to model the 
silicon carbide samples during the 
irradiation. Silicon carbide properties 
have been implemented into the 
code and code validation through 
test case comparison has begun. 
The modeling will support perfor-
mance analysis of the SiC samples 
performed by GA-EMS.
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Modeling and simulation 
tools for predicting the 
effective thermal conduc-

tivity of metallic fuels, particularly 
U-Zr and U-Pu-Zr alloys, are limited 
and incomplete. The physics-based 
tools that do exist in fuel performance 
codes use assumptions about the pre 
and post irradiated microstructure 
of U-Zr fuel that are based on the 
structure being homogeneous and 
the Zr redistribution during irradia-
tion following a uniform gradient. 
As characterization techniques 
improve for irradiated metallic fuels, 
it is reported that the microstructure 
is even more intricate and inhomo-
geneous than previously reported. 
Therefore, it becomes even more 
important to associate local thermal 
properties with local microstructure. 
This study produced local thermal 
diffusivity and thermal conductivity 
data that supports and improves 
the calculation of effective thermal 
conductivity and our understanding 
of the behavior of U-Zr fuel in-pile.

Project Description: 
Microstructural phases in an alloy 
system have distinct physical and 
chemical properties, including 
thermal conductivity. The goal 
of this study is to show that the 
different phases present, formed 
due to Zr migration, in the U-Zr 
system indeed do have different 
thermal conductivities. These 
phases along with the porosity 

from fission gas bubble formation 
can be described by an analytical 
model that can be used with those 
individual properties to represent 
the effective thermal conductivity 
of the bulk U-Zr alloy system 
both pre and post irradiation. For 
materials with simple physical 
structures, the effective thermal 
conductivity can be modelled using 
existing fundamental structural 
models such as Maxwell-Eucken and 
Effective Medium Theory (EMT) 
models. These models are examples 
of analytical models that have a 
physical basis in the microstructure 
of the materials they are used to 
describe. They can be combined 
in such a way to account for the 
volume fraction of phases, pores, 
and the interaction between them 
for an effective thermal conductivity 
calculation. Analytical models are 
preferred over numerical models 
to describe the effective thermal 
conductivity due to their physical 
basis, rapid and low cost of calculation 
and reported reasonable accuracy 
even when the microstructure is 
uncertain. These models require 
that the thermal conductivity and 
volume fraction of each defined 
phase be known as input parameters 
to the calculations. This work is the 
starting point for further development 
of a robust post-irradiated effective 
thermal conductivity model of the 
U-Zr metal fuel system that can be 

Thermal Conductivity of Irradiated Binary Metallic Fuels
Principal Investigator: Cynthia A. Adkins 
Team Members/ Collaborators: Chuting Tan, Narayan Poudel, Zilong Hua, Scott Middlemas, Tiankai Yao, INL; Yong Yang, 
University of Florida

These first of a 
kind experimental 
thermal conductivity 
measurements on 
irradiated high burn 
up U-10 wt% Zr will 
transform the foundation 
for physics-based fuel 
performance modeling 
of thermal conductivity 
used to develop new 
metallic fuel forms and 
reactor designs.

3.1 FUEL FABRICATION AND PROPERTIES
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Figure 1. Thermal conductivity 
as a function of radial location 
for fresh U-10 wt% Zr. Bulk 
thermal conductivity from 
LFA (dashed line), local TCM 
conductivity (solid circles), and 
local thermal conductivity 
calculated from TCM diffusivity 
(open circles) are compared

used in conjunction with other data 
leading to a metallic fuel qualification 
and approved safety analysis for use  
in the advanced reactor designs being 
proposed by Department of Energy 
and TerraPower.

Accomplishments: 
This study provides meso-scale 
(20-100 µm) experimental observa-
tions of phase dependent thermal 
conductivity of Na-bonded legacy 
FFTF MFF-3 fresh and irradiated 
U-10 wt% Zr fuel (12 at% burnup). 
The calculated effective thermal 
conductivity is compared to the 
bulk measurements to validate the 
model assumption. The pre- and 
post-irradiated microstructure was 

also examined to identify the phases 
and porosity of the U-10 wt% Zr 
alloy brought on by temperature 
and neutron flux and correlate it 
with the thermal conductivity. 
Bulk thermal properties including 
thermal diffusivity were measured 
of a fresh sample of MFF-3 U-10 
wt% Zr by traditional measurement 
techniques (i.e., laser flash analysis 
(LFA)). Local thermal diffusivity 
was measured using a thermal 
conductivity microscope (TCM) 
designed around the thermoreflec-
tance measurement technique. This 
measurement is capable of the meso-
scale data collection of thermal 
diffusivity and conductivity directly 
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from the surface of a polished sample 
and its use on the irradiated U-Zr 
fuel system produced the first of 
its kind values for local thermal 
property measurements. Figure 1 
compares the bulk thermal conduc-
tivity and local thermal conduc-
tivity measured across the radius of 
a fuel slug cross section of a fresh 
MFF-3 sample. Additionally, it shows 
a calculation of the local thermal 
conductivity using Equation 1.

k = Cp • ρ • α (1)

where k is thermal conductivity, 
Cp is specific heat at constant 
pressure, r is density, and a is local 
thermal diffusivity measured on 
the TCM. This comparison shows 
that the TCM direct measurement 
of thermal conductivity is lower 

than the corresponding calculated 
conductivity which matches the bulk 
value well and is likely due to sample 
surface preparation and scattering of 
the instrument lasers by the surface 
coating and the underlying micro-
structure. Therefore, local thermal 
diffusivity data from the TCM is 
more reliable.

Local thermal diffusivity measure-
ments were collected on an irradiated 
MFF-3 U-10 wt% Zr sample from pin 
#193114. Figure 2 shows the location 
of TCM measurements and the irradi-
ated microstructure zones created by 
Zr migration and fission gas bubbles. 
The inset is an energy dispersive 
spectroscopy (EDS) map showing the 
concentrations of Zr in green. From 
transmission electron microscopy 
data collected for another study, 
zone 1 is mostly δ-UZr2 and zone 

Figure 2. (left) Scanning electron 
microscopy image of irradiated 

U-10 wt% Zr with locations of local 
thermal diffusivity measurements 

(red squares); (right) EDS image of Zr 
concentration (green areas)
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2 is mostly α-U while zone 3 has a 
gradient of U and U-Zr phases.

Thermal conductivity as a function 
of radial location is presented for 
the irradiated U-Zr in Figure 3 
comparing the values for the bulk 
and local fresh material with the 
calculated thermal conductivity 
from the local TCM measurements. 
The local calculated thermal 
conductivity comes from the values 
used in Equation 1. A modified 
Maxwell-Eucken / EMT equation 
was used to calculate effective 
thermal conductivity, keff, that 
utilizes the thermal conductivities 

of the individual phases, fission gas 
trapped in the bubbles (here it is 
Xenon) and a shape factor describing 
the sphericity of the pores. This 
factor describes pores from perfectly 
spherical to completely random 
shaped. It is shown that the local 
thermal conductivity of the irradi-
ated U-Zr based solely on volume 
fraction of phases is approximately 
62-74% lower than the fresh material. 
When accounting for the volume 
and shape of the porosity, the local 
thermal conductivity decreases again.

Figure 3. Thermal conductivity as a 
function of radial location for irradiated 
U-10 wt% Zr. Bulk fresh thermal 
conductivity from LFA (dashed line), 
local TCM conductivity, fresh (open 
triangles), local irradiated thermal 
conductivity calculated from TCM 
diffusivity (solid triangles), and 
effective thermal conductivity models 
with spherical (open circles) and 
random (stars) pores are compared
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The Advanced Fuels Campaign 
(AFC) Fission Accelerated 
Steady-state Testing (FAST) 

experiments underwent the initial 
post irradiation examination (PIE) and 
fuel performance analysis using the 
BISON code. Examination performed 
included the standard suite of non-
destructive examinations including 
visual examination, neutron 
radiography (nRAD), and precision 
gamma spectroscopy (PGS). Analysis 
of the fuels included performing 

as-run power history neutronic 
analysis and thermal analysis using 
COMSOL multi-physics software. 
Supporting performance modelling 
was performed using the BISON fuel 
performance codes as a comparison to 
the historical Experimental Breeder 
Reactor (EBR)-II experiments. These 
results will be used in support of and 
to guide further destructive PIE efforts 
in the coming fiscal year.

Project Description:
The objectives of the FAST experiment 
are, at a basic level, to improve the 
timeline of advanced fuel research 
and development (R&D) efforts and 
to support accelerated qualification 
methodologies. The project lends 
itself to support high throughput, 
rapid prototyping of fuel designs 
to be able to provide qualitative 
comparisons to the performance of 
standard fuel designs. The ability 
to produce high burnup fuel pins 
of both a control and novel fuel 
design within the same capsule and 
irradiation conditions is critical to 
the development of next generation 
reactors. Novel fuel designs can then 
be paired against controls in post-
irradiation furnace tests or transient 
testing in Transient Reactor Test 
Facility (TREAT). This allows 
rapid qualitative comparisons of 

AFC-FAST Irradiation and Initial PIE
Principal Investigator: Boone Beausoleil
Team Members/ Collaborators: Luca Capriotti, Kyle Paaren, and Byron Curnutt

Figure 1. Local temperature gradients 
for the FAST-007 rodlet. (a) shows the 
temperature gradient analyzed in the 

axial direction (dT/dh) and (b) shows 
the temperature gradient in the 

radial direction (dT/dr). (c) shows the 
combined magnitude of gradients. 

These gradients were similarly 
assessed for all four rodlets and this 

is qualitatively representative of all 
four rodlets

3.2 AR IRRADIATION TESTING AND PIE TECHNIQUES
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This work represents the first look at PIE and as-run 
analysis of the first AFC FAST tests and the effects from 
scaled irradiation fuels testing

performance between novel designs 
against established performance 
metrics. The solution of simply 
accelerating irradiation, however, 
requires consideration of many 
other phenomena that FAST can 
provide answers for. Phenomena 
such as fission product diffusion 
and alloy re-distribution are 
heavily influenced by temperature 
gradients, time at temperature, 
and concentration gradients. By 
scaling the geometry to a reduced 
size and reducing the total time 
under irradiation, the balance of 
time and distance for diffusion 
centric phenomena is tested. This 
has important implications for 
developing high burnup alloy fuel 
as the roles of alloy redistribution 
and fission product concentrations 
at the cladding are both important 
fuel performance metrics. This adds 
additional value to the use of FAST 
as it provides critical data to the 
development and implementation 

of physics-based models by virtue of 
the departure from fully prototypic 
irradiation and thus an improved, 
broader basis for validating perfor-
mance codes against.

Accomplishments:
The power histories of the FAST 
fueled specimens during irradiation  
were calculated and used for thermal 
analysis of the FAST pins. Thermal 
analysis profiles and contours gener-
ated from the as-run power histories 
are presented in Figure 1 for FAST-007. 
These contour plots are useful in 
understanding potential effects 
from the size of the rodlets and 
results from PIE, especially during 
future destructive examination 
where chemical and microstructural 
analyses can be performed. Axial 
and radial gradients are compared 
within the rodlet as to help under-
stand the impacts of reduced scale 
testing. Axial thermal gradients 
existed to some degree in the previous 
AFC and EBR-II tests, but the fraction 

Figure 2. (above) A comparison 
between EBR-II experiment DP10 (right) 
and three ½ diameter FAST capsules 
stacked alongside it (right). The FAST 
method is shown to adequately 
represent the bottom, middle, and top 
portions of the DP10 experiment
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Figure 3. Gamma scan results for the AFC-FAST-005 capsule containing rodlets 
FAST-007 and FAST-008. The figure shows the axial distribution of fission 
products for Cs-137, Rh-106, and Co-60

Figure 4. Gamma scan results for the AFC-FAST-016 capsule containing rodlets 
FAST-035 and FAST-036. The figure shows the axial distribution of fission 
products for Cs-137, Rh-106, and Co-60
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of the fuel rod or rodlet over which 
they were appreciable was much 
smaller than for the FAST tests. 
Regions of significant axial gradients 
were defined as having a gradient 
in excess of 10 ˚C/mm. For AFC and 
FAST tests this represented about 
20-25% of the fuel length. For the 
FAST tests, this represented between 
60-80% of the fuel length. This is 
expected to have significant impli-
cations to performance that will 
require more destructive PIE. (INL, 
Beausoleil, Curnutt)

FAST experiments were also analyzed 
as portions of EBR-II experiments 
using BISON fuel performance codes. 
It was observed that a FAST rodlet 
can make a good approximation 
to different axial positions within 
an EBR-II pin (Figure 2). Work is 
on-going to show the difference 
between EBR-II experiments and 
FAST experiments and how the 
PIE data from FAST can be used to 
augment prototypic fuel performance 
codes. (INL, Paaren)

Neutron radiography was performed 
using the Neutron Radiography 
Reactor located in the basement of 
the Hot Fuel Examination Facility. 
The FAST-007 and FAST-008 rodlets 
appeared to have swelled completely 
towards their respective cladding, 
while some space between the fuel 
and cladding is still visible for the 

rodlets FAST-035 and FAST-036. This 
difference is attributed to the differ-
ence in burnup levels reached by the 
two different capsules, as historical 
fuel performance data indicates 
major fuel swelling by about 2-3 
%FIMA burnup. (INL, Capriotti)

PGS was performed on the capsules 
and rodlets to monitor the fission 
products axial distribution (Figures 
3 and 4). Rodlets FAST-035 and -036 
present an image of “early” life fission 
product behavior, in which Cs does 
not seem to have migrated yet to 
the plenum. This also correlates 
to the lack of contact between the 
fuel and cladding that is seen in the 
radiography. In both rodlets, a small 
Cs peak is present just above the 
rodlet. FAST-008, the control rodlet, 
shows a behavior very similar to 
the previous tests within AFC. The 
cesium behavior for FAST-007 was 
also atypical as it appears to be non-
uniform within the fuel (in contrast to 
the other three rodlets) and has a large 
amount present along the length of 
the rodlet plenum. (INL, Capriotti)
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Advanced Reactor Experi-
ments for Sodium Fast 
Reactor Fuels (ARES) is 

a joint project between the U.S. 
Idaho National Laboratory (INL) 
and the Japanese Atomic Energy 
Agency (JAEA) to investigate the 
transient fuel performance of 
irradiated advanced metallic and 
mixed oxide (MOX) fuel designs 
from Experimental Breeder Reactor 
(EBR)-II experiment programs. 
Figure 1 provides an overall view of 
the ARES project tasks and schedule. 
Transient fuel performance of 
fast reactor fuels has been well-
established internationally. The 
continued optimization of fuel 
designs and associated operational 
limits to improve performance and 
economics demands the continued 
experimental evaluation of these 
behaviors. These goals require the 
development of improved fuel 
performance behavioral models 

implemented in advanced modeling 
and simulation tools, which in turn 
require modern experiment comple-
ments with new data streams. An 
important step in the ARES project 
is to establish new sodium capsule 
testing capability through commis-
sioning testing in the Transient 
Reactor Test Facility (TREAT) facility. 
The first experiments and results of 
these experiments show excellent 
performance of the test design and 
show the robust nature of metallic 
fast reactor fuel.

Project Description: 
The ARES project is comprised of the 
Temperature Heat Sink Overpower 
Response-Commissioning (THOR-C), 
THOR-Metallic (THOR-M), and 
THOR-Mixed Oxide Transient 
OverPower (MOXTOP) experiments 
including six fresh metallic fuel 
capsules, two irradiated metallic 
fuel capsules, and two irradiated 
MOX fuel capsules, respectively. A 

Initial Fast Reactor Fuel Transient Irradiations: 
In-Pile Data and Initial Findings
Principal Investigator: Colby Jensen
Team Members/ Collaborators: Klint Anderson, Robert Armstrong, Trevor Smuin

Advanced reactor 
deployment will be 
enabled by the results 
of these transient tests 
on fast reactor fuels 
that ensure maximum 
fuel performance and 
safety of these systems.

Figure 1. Overview of ARES 
Phase I project schedule

3.3 AR FUEL SAFETY TESTING 
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total of four commissioning experi-
ments for a new TREAT sodium 
capsule, the THOR capsule, have 
been completed in this fiscal year 
using fresh metallic fuel EBR-II 
driver pins. These experiments 
are the primary experiments to 
commission the THOR capsule for 
multiprogram usage, including 
testing of high burnup metallic and 
MOX fuel pins. Remaining commis-
sioning tests will provide further 
support of hodoscope performance 
evaluation and explore unique Loss 
of Flow (LOF) conditions never 

before tested in TREAT on metallic 
fuels. The experiment design and 
first TREAT experiment on a THOR 
capsule was completed in 2021. 
During the past year, fabrication 
and assembly of multiple THOR 
capsules has continued, along with 
design, demonstration, and deploy-
ment of remote handling equipment 
to allow THOR capsules to be loaded 
with irradiated fuel pins in Hot Fuel 
Examination Facility (HFEF). Figure 2  
shows the final assembly of the 
THOR-C-2 experiment at the TREAT 
Facility building.

Figure 2. Final assembly of 
the THOR-C-2 capsule at the 
TREAT facility
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Figure 3. Online data results 
from the THOR-C-2 experiment. 
(Top) All heat sink thermocouple 

data overlaid with rector 
power history. (Left) Zoom of 
thermocouple data overlaid 

with linear variable differential 
transformer (LVDT) pressure 

signal during late state of the 
experiment showing point of 

fuel disruption by LVDT signal 
and showing in thermocouple 
signal with slight delay. (Right) 
Zoom of LVDT signal showing 

clear point of failure where pin 
pressure is released into the 

THOR capsule volume

Recently, the THOR-C-2 experiment 
was irradiated with the objective 
of failing a fuel pin to demonstrate 
in-situ diagnostics performance. 
The THOR-C-3 experiment includes 
a Na-free annular fuel design to be 
irradiated by fiscal year end. The 
annular fuel includes an optical-
fiber-coupled infrared pyrometer 
located in the central hole of the  
fuel for direct measurement of 
temperature/power. Fuel performance 
predictions have been performed to 
project experiment outcomes and 
best ensure their success. As-run 
fuel performance analysis will also 
be performed and compared with 
predictions and experiment results. 

All specimens will undergo various 
post-transient characterization over 
the next year as the THOR-M and 
THOR-MOXTOP experiments are 
prepared and irradiated.

Accomplishments: 
THOR-C-1: Thermal calorimetry 
analysis and gamma spectroscopy 
on the THOR-C-1 specimen. The 
THOR-C-1 experiment was irradi-
ated in September 2021 with the 
objective of characterizing the axial 
reactor-specimen power coupling 
factor for neutronics model validation. 
Thermal analysis of the measured 
temperature histories revealed 
excellent performance of the capsule 
design to serve as a calorimeter. 
Analysis of measured temperatures 
resulted in a power coupling factor 
within 6.5% of the calculated value 
and detailed uncertainty analysis 
showing 2σ uncertainty of 10%. 
evaluation of experimental results 
showed excellent performance 
of the capsule to provide energy 
measurement to the test specimen, 
required for continued testing per 
reactor safety requirements and to 
validate modeling predictions of 
specimen heating rates. Gamma 
spectroscopy was performed along 
the axial length of the fuel pin to 
provide power distribution validation. 
Results of these measurements is 
expected shortly to compare with 
calculated results.

THOR-C-2: The first modern TREAT 
experiment with precise identifica-
tion of fuel rod failure time and 
tracked fuel melting and relocation. 
THOR-C-2 was irradiated in TREAT 
in August 2022. The fresh EBR-II 
driver pin was pressurized and 
resealed prior to loading in the 
capsule to mimic high burnup fuel 
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internal pin pressure. The data from 
the experiment shows excellent 
performance of the primary in-situ 
measurements and experiment 
design goals. Fuel pin failure was 
detected via the capsule pressure 
sensor, corroborated by significant 
fuel motion measured online by the 
TREAT hodoscope system and seen 
in post-test radiography at TREAT, 
and by delayed temperature signals 
in the heat sink thermocouples. 
Based on pretest model predictions, 
the fuel surpassed the liquidus point 
for the U-10Zr fuel of 1371°C and the 
fuel-cladding interface surpassed the 
low U-concentration Fe-U eutectic 
threshold of approximately 1078°C. 
X-ray radiography is planned at 
the TREAT facility. Later, neutron 
computed tomography will be 
performed on the capsule using the 
Neutron Radiography (NRAD) facility. 
Each test will be analyzed based 
on as-run data using detailed fuel 
performance models. Figure 3 and 
Figure 4 summarize data results 
collected from THOR-C-2 highlighting 

the success of diagnostics to detect 
and characterize fuel failure behaviors.

THOR-C-3: First experiment on 
annular, Na-free metallic fuel type 
with an infrared pyrometer in the  
fuel center hole. THOR-C-3 is currently 
assembled ready for irradiation to be 
completed by the end of September 
2022. THOR-C-3 will undergo two 
distinct experiments, i.e., transients, 
taking advantage of the in-fuel 
temperature measurement. The 
direct fuel temperature measurement 
will provide further measurement of 
reactor-specimen energy coupling, 
using a optical fiber for the first time 
in fuel in-pile. The first transient 
will be a sinusoidal power profile 
to evaluate the ability of the THOR 
capsule to characterize integral 
fuel thermal transport. The second 
transient will push the annular fuel 
in a severe overpower condition as a 
direct comparison with THOR-C-4 on 
a traditional fuel form. This will be 
the first transient overpower test on 
annular fuel to observe fuel-cladding 
mechanical interaction and behavior 

of the annulus during the transient.

Completion of design and quali-
fication of THOR capsule remote 
handling capability for HFEF. This 
capability builds on the established 
capability to handle the first TREAT 
experiment device in HFEF, the 
Static Environment Rodlet Transient 
Test Apparatus (SERTTA) capsule, 
in 2020. The integration of most 
TREAT designs into HFEF environ-
ment is a fundamental need for 
transient testing nuclear fuels. The 
engineering team has done a stellar 
job in meeting project demands and 
has made significant improvements 
in the overall experiment integration 
strategy in HFEF. The increased 
momentum is encouraging for next 
steps for other TREAT devices such 
as the Transient Water Irradiation 
System in TREAT (TWIST) capsule 
and the Mk-IIIR Na loop.

Figure 4. (Left) Post-transient 
radiography of THOR-C-2 showing 
clear regions of disrupted fuel. 
(Middle) Hodoscope view of 
THOR-C-2 test specimen. (Right) 
Corresponding waterfall plot of 
each column during the experiment, 
again showing the point of failure 
and the behavior of the fuel during 
the event
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Development of sodium-free 
metallic fuel design has been 
postulated as an Advanced 

Fuel Campaign(AFC) goal. In this 
regard, one of the design options 
is annular U10Zr alloy fuel with 
75% smeared density and stainless 
steel cladding. In accomplishing 
this campaign goal, performance 
assessment of this design provides 
basis for down selection decisions, 
identifies performance benefits 
or deficiencies, and identifies fuel 
development and testing needs. 
Performance assessment includes 
calculation of fuel temperature, 
deformation and predicting fuel fail-
ures. At Idaho National Laboratory, 
a fuel performance code BISON has 
been developed for these purposes 
by the Nuclear Energy Advance 
Modeling and Simulation (NEAMS) 
program. BISON is a winner of the 
2021 RD 100 awards.

Project Description: 
To fulfill the milestone requirements, 
the present summary provides 
a status update for performance 
assessment of annular metallic fuel 
using BISON. This effort commenced 
on 03/02/2022. A generalized plane 
strain model of annular U10Zr fuel 
was developed. The model represents 
a 0.230” diameter fuel pin. Annular 
fuel slug features 55% smeared 
density and has an outer diameter 
of 0.195”. In addition to thermoelas-
ticity, the model incudes fuel and 
cladding creep and fuel swelling.

Accomplishments: 
Comparison of model results to the 
metallography of the AFC-3A R4 
is shown in Figure 1. Qualitative 
agreement of the simulation results 
and the experiment is demonstrated 
by successful prediction of the 
fuel annulus closure and apparent 
absence of cladding strain. Future 
work will focus on modeling zirco-
nium redistribution and extrapolation 
of the model to higher burnups and 
higher smeared densities.

AR Computational Analysis
Principal Investigator: Pavel Medvedev

This effort is an example 
of how award-winning 
computational tools are 
used to advance nuclear 
fuel technology.

3.4 AR COMPUTATIONAL ANALYSIS
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Figure 1. Comparison of model results (BOL-top left, EOL-top right) to the metallography of the AFC-3A R4 (bottom)
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Metallic fuel systems offer 
several beneficial features 
for sodium cooled fast 

reactors (SFR). The classical metallic 
fuel design uses an internal liquid 
sodium bond (between fuel slug 
and cladding inner diameter) which 
offers significant thermal fuel 
performance benefits. However, 
this design feature has undesirable 
impacts such as requiring reactive 
metal handling in fuel fabrication, 
creating modest detriments to 
reactor neutronics, and increasing 
chemical reactivity hazards in 
shipping/storage scenarios. The 
latter point is particularly important 
in SFRs designed for once-through 
fuel cycles rather than continuous 
fuel recycle. An engineering 
trade-off study was undertaken to 
evaluate fuel design and fabrication 
process options for developing a 
so-called sodium-free fuel (SFF) 
able to eliminate these undesirable 
features while still retaining many 
of metallic fuel’s most beneficial 
properties. The primary purpose 
of this trade study was to rank and 
prioritize future research tasks in 
order to accelerate overall develop-
ment cycle for deploying SFF.

Project Description:
In product development few 
junctures are as pivotal as design 
concept selection. An engineering 
trade study is a structured way of 
assessing design options and deciding 
on preferred candidates. Sometimes 
referred to as “optioneering,” a trade 
study endeavors to reduce subjectivity 
and avoid classical problems in 
design decisions such as favoring 
concepts that just seem better or that 
are simply preferred by an influential 
member of the team. In this case a 
decision matrix method was used 
where criteria were listed, concepts 
were generated, and candidates were 
assessed by expert team ranking. This 
process was semi-quantitative and 
required expert judgment, so it was 
still somewhat subjective, but the 
various viewpoints expressed and 
reconciled during the ranking added 
confidence to the decision reached.

Accomplishments:
The SFF trade study was performed 
over the course of a few months in 
2022 using several team sessions, 
rather than a single long session, 
in order to give time in between 
for team member to generate new 
concepts. This approach was 

Results of a Trade Study on Design and Fabrication Candidates  
for Sodium Free Metallic Fuel
Principal Investigator: Nicolas Woolstenhulme
Team Members/ Collaborators: Kevan Weaver, Randall Fielding, Douglas Porter, Colby Jensen, Daniel Wachs, Steven Hayes

3.5 PERFORMANCE ASSESSMENT
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Figure 2. Fabrication options ranking spreadsheet
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productive in avoiding meeting 
fatigue and in spurring new ideas. 
The main outcome of the study 
was organized in a spreadsheet 
where fuel design and fabrication 
options were ranked relative to 
impact on fuel fabrication, normal 
reactor operation, off-normal 
reactor scenarios, and storage/
disposal situations. Within these four 
categories, each option received two 
rankings, one each for a “baseline” 
and an “enhanced” set of performance 
metrics. The baseline category 
assumed a once-through uranium-
based fuel cycle with state-of-the-art 
reactor performance needs (10% 
burnup, 100 dpa cladding, 600C 
inner cladding temperature). The 
enhanced category encompassed 
plutonium and minor actinide 
bearing fuel designs and strived 
for more challenging irradiation 
conditions (20% burnup, 200 dpa 
cladding, 700C inner cladding 
temperature). The baseline category 
was weighted more heavily to help 
prioritize near term technology 
options in the grand average 
ranking, but the baseline and 
enhanced scores were also tracked 
discretely to identify candidates 
which diverge into near-term and 
long-term development phases.

A full publication is currently 
under preparation to discuss the 
findings of this study more fully, 
but the key findings are summa-
rized here. The highest ranked SFF 
options identified for the baseline 
technology would use U-10Zr alloy 
with additives (e.g., Sn) to mitigate 
fuel cladding chemical interaction 
(FCCI), produced in a 75% smear 
density annular slug geometry 
by continuous casting, clad in 
austenitic stainless-steel alloy, and 
followed by a final step to swage the 
cladding diameter down slightly 
to close the slug/cladding gap. The 
highest ranked SFF options for the 
enhanced fuel technology would 
use U-Mo alloy, also produced by 
continuous casting into an annular 
geometry, followed by coating/plating 
with an FCCI barrier (e.g., Zr) on the 
slug outer diameter, again with a final 
step to swage the cladding diameter 
down likely using oxide dispersion  
strengthened (ODS) steel or advanced 
ferritic/martensitic if the ODS option 
cannot tolerate swaging.

This effort is an example of how award-winning computational 
tools are used to advance nuclear fuel technology.
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In-Reactor LOCA Testing Capability
Principal Investigator: Nicolas Woolstenhulme 
Team Members/ Collaborators: Colby Jensen, Charlie Folsom, Klint Anderson, Leigh-Ann Astle

The unexpected closure of 
the Halden Boiling Water 
Reactor eliminated the only 

in-reactor Loss of Coolant Accident 
(LOCA) testing capability available 
in the western world. This capability 
would have been key in continued 
research about Fuel Fragmentation 
Relocation and Dispersal (FFRD), 
especially with ongoing efforts to 
extend the allowable fuel burnup 
limits in Light Water Reactor 
(LWR). Thankfully LOCA testing 
programs, based on hot cell furnace 
capabilities at Studsvik Sweden and 
Oak Ridge National Lab, continued 
to investigate these behaviors 
alongside various efforts to model 
LOCA fuel performance and under-
stand its effects. Still, the ability 
to perform highly representative 
LOCA testing with nuclear heating 
was known to be a major capability 
gap. A few years of engineering 
studies have investigated options 
and ultimately produced the design 
for a new in-reactor LOCA capability 
in the Transient Reactor Test 
facility (TREAT). The final design 
for this device has been completed, 
out-of-reactor prototype testing is 
underway, and plans are in place to 
perform in-reactor commissioning 
tests nest year.

Project Description:
A few design options were investi-
gated via modeling to determine the 
best path forward for LOCA testing 

in TREAT. It was shown that this 
capability would need to provide 
adequate heat transfer conditions 
for a test rod during a brief “part 
I” power transient in TREAT in 
order to develop representative 
pre-LOCA thermomechanical 
gradients and stored energy in the 
test rod. Then, this device would 
need to significantly reduce heat 
transfer conditions and support a 
longer “part II” power transient to 
elevate rod cladding temperature 
and create balloon, burst, and FFRD 
behaviors. After comparing options 
including a flowing water loop, 
natural circulation capsule, and 
static water capsule with nucleate 
boiling, it was found that the latter 
would provide the most practical 
approach to supporting part I of the 
transient. Then, TREAT’s automatic 
transient control system would be 
synchronized with a remote actuated 
valve to allow fast water draining 
to support part II of the transient. A 
smaller version of this capsule was 
conceptualized, but ultimately a 
larger version termed the Transient 
Water Irradiation System for TREAT 
(TWIST) underwent final design  
and engineering.

An early prototype of the TWIST 
capsule was constructed and 
demonstrated the functionality of 
the remote blowdown valve. As 
prototype often do, these efforts 
revealed a glitch with the assembly/

TWIST will enable 
unprecedented in-
reactor experiment 
capabilities in 
manipulating thermal 
hydraulic and nuclear 
heating conditions 
to simulate LOCA 
conditions.

4.1 IN-REACTOR LOCA TESTING CAPABILITY
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Figure 1. Illustrations of TWIST 
capability simulating loss of 
coolant accident conditions on a 
test rod in TREAT

disassembly sequence which was 
incorporated into the final in-reactor 
version of the design. All of the 
engineering documents and design/
safety analysis was completed for 
the TWIST capsule to encompass 
the conditions needed for a series of 
fresh fuel commissioning test rods. 
These commissioning tests, which 
are planned to begin next year, 
encompass some aggressive condi-
tions and thus this safety analysis 
package is expected to envelope 
many of the conditions needed for 
previously irradiated high burnup 
tests that will follow. The first-
generation TWIST instrumentation 
and analysis package is focused on 
simulating and measuring behaviors 

relevant for FFRD. The capsule is 
designed with modular adaptability 
to allow cost effective modifications 
as needed in the future. A few 
conceptual-level design efforts are 
now underway, primarily through 
student-led senior design projects, to 
determine the best path for “bolt-on” 
modifications to TWIST. These  
adaptions will help simulate other 
conditions and behaviors of interest 
such as pre-blowdown forced 
convection with a small motor/
impeller device, post-blowdown steam 
composition control, and alternate 
instrumentation packages focused 
on transient fission gas release.
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Summary of I-Loop Status and Accomplishments
Principal Investigators: Nate Oldham
Team Members/ Collaborators: Kendell Horman, Vince Tonc, Josh Tonks, Kelly Ellis, Carlos Estrada-Perez, Brian Durtschi,  
Cody Race, Thomas Berti, R Dale Kepler, and Darrin Steffler

Expand access and capability 
to the Advanced Test Reactor 
(ATR) Medium-I position with a 

flowing water loop, allowing testing 
of fuels and materials in prototypic 
light water reactor (LWR) conditions.

Project Description:
The closure of the Halden Boiling 
Water Reactor (HBWR) and growing 
demand for extending LWR fuel 
performance limits, has created 
urgency to find a testing solution 
to support near-term fuel testing 
needs. This need comes at a time 
when industry, via Electric Power 
Research Institute (EPRI), and the 
Department of Energy (DOE), via 
the Accident Tolerant Fuels (ATF) 
Program, are pushing for perfor-
mance and capability increases for 
new fuels. The I-Loop project aims 
to fill the gap created by HBWR’s 
closure and provide a similar 
capability at ATR, by installing a 
flowing water loop in one Medium-I 
position and providing access to the 
other Medium-I positions for future 
experiments. In order to provide 
better access to the I-positions 
of ATR, a new Top Head Closure 
Plate (Mark II) has been installed, 
expanding the capabilities of the 
ATR for continued fuel and materials 
testing. To support the flowing water 
loop, the refurbishment of the 1A 
cubicle will be required including 
new pumps, piping, heat exchangers, 

and other equipment. In order to 
provide the neutronics to approxi-
mate prototypic LWR heating rates, 
nuclear grade Zr-2.5Nb will be 
used for the experiment tubes. The 
improvements will enable advanced 
fuel qualification to continue at the 
Idaho National Laboratory (INL) 
and support the industry and DOE’s 
desire for these capabilities in the 
United States, support the continued 
safe use of existing LWR reactors, 
and provide for future fuel testing 
for next generation reactors.

Accomplishments: 
After a brief funding hiatus, the 
I-Loop project restarted in March 
2022. The project team replanned 
the entire work baseline structure to 
account for newly discovered scope 
and additional cost due to supply 
chain uncertainty. The project 
expected completion of an operational 
I-Loop in ATR is early 2026. The 
design team was reassembled with 
the addition of ATR project engi-
neers. ATR project engineering is 
fresh off of an extensive ATR project 
that occurs every couple of decades 
called ATR Core Internal Changeout 
(CIC). The I-Loop project is excited 
to have the expertise of this talented 
design group. The success of the 
I-Loop project requires a team with 
experience in modifying a complex 
test reactor such as ATR.

The I-Loop will expand 
fuel testing capacity, 
address LWR fuel 
irradiation testing 
capability gaps left 
by the HBWR closure 
and enhance testing 
capabilities including 
ramp testing. 

4.2 SUMMARY OF I-LOOP STATUS AND ACCOMPLISHMENTS
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Figure 1. 3D model of i-loop tube with quick-connect flanges
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The I-Loop project is large in scope 
which requires many sub-teams 
working on discrete tasks. The main 
project areas are as follows:  
(1) I-Loop Tube, (2) I-Loop System, 
and (3) Transfer Shield Plate.

1. The I-Loop Tube serves as the 
primary component within 
the ATR vessel (I-Loop Figure 
1). Its purpose is to contain 
the experiment in a separate 
environment at prototypic LWR 
fluid conditions. This includes 
the ability to perform two-phase 
flow similar to a boiling water 
reactor (BWR). The I-Loop Tube 
has completed the conceptual 
design and moved to the  

preliminary design phase. A 
finite element analysis was 
performed to identify the high 
stress areas. Those areas were 
modified to add additional 
thickness and supports through 
iterative changes. The design 
now passes an ASME Boiler and 
Pressure Vessel Code Section III 
design criteria. Additionally, the 
team has been in contact with 
vendors/fabricators to determine 
optional features to ensure a 
successful fabrication.

2. The I-Loop System is all the 
equipment outside of the reactor 
vessel, e.g., pumps, heat exchang-
ers, valves, and piping (I-Loop 

Figure 2. I-loop system equipment 
layout in 1A primary and 

secondary cubicle 
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Figure 2). This system includes a 
series of sub-systems such as loop 
makeup, ion exchange/filtrations, 
sampling, and loop chemistry. A 
team of experienced ATR project 
engineers are leading this effort. 
A major accomplishment has 
been evaluating primary coolant 
pump options and selection of 
the optimal pump for the I-Loop. 
This evaluation has resulted in 
a $2.5 million cost savings to 
the project compared to other 
ATR loops. The team has also 
designed a component to main-
tain loop pressure known as a 
pressurizer. This new pressurizer 
design is unique to ATR because 
it is designed to modern seismic 
design criteria which allows the 
I-Loop to be the safest loop in the 
ATR facility.

I-Loop is well positioned to 
begin several long-lead procure-
ments e.g., pumps, pressurizers, 
control system, purification 
systems, and Helium-3.

3. In FY 2021, the I-Loop project 
completed a modification to 
the ATR reactor vessel pressure 
boundary with a new Top Head 
Closure Plate. The main design 
benefit is the addition of eight 
new penetrations that can be 
utilized for irradiation testing. 
Access to these new penetrations 
requires modification to the 
shielding known as the Transfer 
Shield Plate. A conceptual design 
is completed for the Transfer 
Shield Plate – Mark II (I-Loop 
Figure 3).

Figure 3. Transfer Shield Plate – Mark II 
Conceptual Design
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Irradiated fuel rod refabrication 
is a crucial enabling capability 
that bridges between base reactor 

irradiation and subsequent experi-
mentation and/or re-irradiation. It 
is key to performing meaningful 
research and development (R&D) 
on fuels with any level of burnup, 
especially at the Transient Reactor 
Test (TREAT) Facility and opens the 
door to R&D for materials tested in 
commercial nuclear power plants. 
Refabrication allows access to fuel 
at any point in its lifetime, allowing 
opportunity to apply instrumentation  
and perform experiments to measure 
performance under a variety of 
specified conditions. Secondly, the 
ability to repackage previously 
irradiated fuel into experiment 
vehicles is an enabling capability 
that ensures experiments are 
instrumented and contain desired 
boundary conditions for experiment 
objectives. Measurements on high 
burnup fuels are impractical, if not 
impossible, without refabrication 
and experiment preparation capability.

Project Description
Basic refabrication capability 
was established in FY2021 and 
included the ability to section rods, 
defuel the ends to create space 
for new end caps, weld new end 
caps in place, and finally seal weld 
under pressure and leak check. 
Objectives in FY2022 included 
evaluation of advanced refabrication 

Refabrication of Fuel Rods for Follow-On Testing
Principal Investigator: Jason Schulthess
Team Members/ Collaborators: Justin Yarrington, Spencer Parker, Joe Palmer, James Zillinger, Clayton Turner, Connor Woolum, 
Mark Cole 

capability and benchmarking 
against capabilities that had been 
previously available at the Halden 
reactor project. Specific objectives 
included performing evaluations 
of the Halden drilling and welding 
modulus using surrogate materials, 
evaluating the potential engineering 
needs and facility requirements for 
establishing a cryogenically cooled 
fuel drilling system in a hot cell 
environment, evaluating alternative 
fuel drilling methods that do not 
require cryogenically cooling the 
fuel, and options for remotely 
welding/attaching thermocouples 
to the outer surface of fuel cladding 
both in the remote environment 
and in a manner compatible with 
the current design of the transient 
water irradiation system for TREAT 
(TWIST) irradiation device. These 
advanced refabrication capabilities 
are necessary to support experiments 
using highly instrumented rodlets.

Accomplishments
Halden had developed separate 
defueling, fuel drilling and welding 
modules over the course of thirty+ 
years of refabrication development. 
To rapidly gain experience with 
refabrication, Idaho National Labora-
tory (INL) procured a defueling, fuel 
drilling and welding module from 
Halden. The Halden fuel drilling 
module utilizes a cryogenic system 
to stabilize the fuel during drilling 
operations, while the welding 

Advanced refabrication 
capability will support 
using instrumented fuel 
rodlets in follow  
on experiments.

4.3 REFABRICATION OF FUEL RODS FOR FOLLOW-ON TESTING
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Figure 1. Successful circumferential 
welds joining non-fueled zirconium 
cladding tubes using the Halden 
welding module. In the left image, a 
system leak allowed oxygen into the 
chamber resulting in the discoloration. 
In the right image, the weld was made 
after correction of the leak, and 
successful purge of oxygen

system uses a large weld chamber 
with a moveable Tungsten Inert Gas 
welding tip to allows for welding at 
nearly any location within the weld 
chamber. INL received these systems 
and completed set up and initial 
functional testing during FY2022. 
Initial experiential trials with these 
systems were performed using surro-
gate materials as they are currently 
installed in a non-radiological 
laboratory. These trials are providing 
a firm basis for comparison to 
developing an advanced drilling and 
welding system for use in a hot cell 
at INL. Figure 1 shows successful 
welding trials performed using the 
Halden welding module.

To support further development of 
welding parameters and fixtures 
necessary for advanced refabrication 
and instrumentation including 
welding thermocouples to the 
cladding surface of a previously 

irradiated fuel pin, a duplicate of 
the remote circumferential weld 
system was fabricated and installed 
into the Advanced Fuel Fabrication 
Facility at INL’s Materials and Fuels 
Complex (MFC).

A preliminary engineering evaluation 
was conducted to establish functions, 
requirements, and limitations for 
safety and facility infrastructure 
for installation of a Halden type 
cyrogenic drilling system into a 
generic hotcell environment. This 
was conducted to help establish 
design inputs, and preliminary cost 
estimates for future use and decision 
making. The evaluation proved quite 
useful in establishing requirements 
for the system to minimize potential 
impacts to hotcell facility safety 
basis. For example, it was established 
that cryogenic liquids would be deliv-
ered through a feed through rather 
than via bottles transferred into the 
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Figure 2. Top and bottom surfaces of sample 15 (A&B, respectively) and sample 16 (C&D, respectively) post-drilling. Both 
samples were two pellet stacks glued inside of stainless steel tubing. Sample 15 was only moderately crushed, while sample 
16 was heavily crushed, as noted by its visible deformation. Both samples were re-glued after crushing activities to re-bond 
the outer pellet surface with the cladding tube

A

C

B

D
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Figure 3. Rendering of the prototype 
fixture concept to weld thermocouples 
to the surface of rodlet cladding

cell, to mitigate the risk of a depres-
surization event within the cell.

As a potential alternative to the 
methods developed by Halden to 
cryogenically stabilize the fuel for 
drilling operations, INL in FY2021 
began developing a methodology 
to drill centerline holes without 
cryogenic stabilization. Originally 
this methodology was developed and 
is still in use today by the Commis-
sariat a l’energie atomique (CEA) 
in France. In FY2021, INL success-
fully developed a method to drill 
centerline holes in fresh sintered UO2 
fuel pellets. In FY2022, efforts were 
made to adapt this methodology 
to drilling fresh pre-cracked pellets 
in an attempt to simulate cracked 
irradiated fuel. Optimization was 
performed using cordierite as a  
surrogate fuel pellet, which was 
bonded to a tube, and then pre-
cracked in a vice to a pre-determined 
force. Optimization of the method 
included variation of the feedrates, 

spindle speeds, and drilling bit 
profile. Holes were successfully 
drilled in a two-pellet stack with the 
diameter of the hole being approxi-
mately 0.063” (See Figure 2).

A conceptual design of a modular 
fixture to enable welding of ther-
mocouples to the cladding surface 
was completed. This is a critical step 
due to the difficulty of handling 
loose wires remotely in the hotcell 
environment. The conceptual 
fixture, shown in Figure 3. This 
design allows for the wires to be pre-
placed in the holder prior to entry 
to the hotcell and is also compatible 
with the remote circumferential 
weld system previously installed. 
This design incorporates a heat sink 
to minimize weld affected area and 
enables accurate angular positioning 
of the thermocouple-rodlet interface 
relative to the tungsten electrode. A 
prototype is currently being fabricated 
and testing will begin in FY2023.
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The unexpected closure of 
the Halden Boiling Water 
Reactor (HBWR) eliminated 

the only in-reactor Loss of Coolant 
Accident (LOCA) testing capability 
available in the western world.  
This capability would have been 
key in continued research about 
Fuel Fragmentation Relocation 
and Dispersal (FFRD). To help 
eliminate this major capability gap, 
and ultimately support the light 
water reactor (LWR) Industry’s 
goal for achieving higher burnups 
and evaluating new fuel design at 
various development stages, a LOCA 
testing device is critical. After a few 
years of engineering studies, a new 
in-reactor LOCA testing device for 
the Transient Reactor Test facility 
(TREAT) was developed. The final 
design for this device has been 
completed, out-of-reactor prototype 
testing is underway, and plans are in 
place to perform in-reactor commis-
sioning tests next year.

Project Description: 
The Transient Water Irradiation 
System in TREAT (TWIST) capsule 
provides a controlled environment 
in which a blow-down event can 
be simulated by actuating a valve 

Final Design of the LOCA Test Commissioning Series in TREAT
Principal Investigators: Klint Anderson
Team Members/ Collaborators: Charles Folsom, Clinton Wilson, Changhu Xing, Kelly Ellis, Robert Armstrong, Leigh Ann Astle, 
Nicolas Woolstenhulme, Colby Jensen

The completed design of 
the LOCA test device will 
allow the U.S. to perform 
critical safety testing for 
studying and advancing 
LWR fuel for the U.S. 
nuclear energy fleet.

to release water from the upper 
capsule containing a fuel specimen 
into an expansion tank below 
(Figure 1). The approach will fill 
the in-pile LOCA testing gap left 
by HBWR and adds capability to 
study stored-energy heating effects 
resulting in temperature ramp rate 
effects, never evaluated before on 
irradiated LWR fuels. These behav-
iors are expected to play important 
roles in FFRD, the primary chal-
lenge to extending the regulatory 
burnup limit beyond 62 GWd/t. The 
TWIST capsule design provides a 
state-of-the-art instrumentation 
package to collect relevant time-
dependent data for post-test analysis 
of the experiment. Figures 2 and 3 
show the instrumentation package 
included in the commissioning 
test design including options to 
measure either the fuel centerline 
temperature or rodlet pressure. The 
design accommodates rodlets with 
fueled lengths ranging from 25 to 
50 cm. An out-of-reactor prototype 
was designed as a part of this same 
effort and is being utilized to inform 
fabrication, assembly, and testing 
conditions for future LOCA tests in 
TWIST (Figure 4). Final design of the 

4.4 CAPABILITIES/CORE FUNCTIONS OF R&D CAMPAIGN
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TWIST capsule and its associated 
commissioning tests was completed 
this year. In-reactor testing of the 
commissioning series is planned 
to start next year. Testing of high 
burnup fuels is expected to begin 
in the year thereafter. Also, the 
TWIST device is planned to be used 
for reactivity-initiated accident 
experiments for the High burnup 
Experiments for Reactivity initiated 
Accidents (HERA) project.

Accomplishments:
The completion of the final design 
for the TWIST device and associ-
ated commissioning tests officially 
provides the US with a testing capa-
bility for simulated LOCA events. It 
also provides needed new capability 
to test larger fuel segments than 
TREAT capsules used to date since 
restart. A commissioning LOCA test 
plan using fresh fuel has been care-
fully developed to efficiently demon-
strate and qualify the TWIST system. 
Key data objectives will be evaluation 
of in-situ instrumentation and the 
entire extensive experimental infra-
structure required to execute TWIST 
tests. The final design package of the 
TWIST device includes completed 
full mechanical design and associated 

Figure 1. TWIST capsule rendering
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drawings, comprehensive neutronic, 
heat transfer, thermal-hydraulic, and 
structural analysis of the test device 
to meet all associated testing require-
ments. This milestone represents 
the culmination of several years of 
work by a large multidisciplinary 
and multifacility team. The renewed 
in-pile LOCA capability in the world 

and unique blow-down design in 
TREAT is expected to fill a critical gap 
in testing for both extended burnup 
and new fuel designs. To date, the 
out-of-reactor demonstration of the 
LOCA device has provided valuable 
lessons learned regarding fabrication 
and assembly of the TWIST capsule.

Figure 2. TWIST instrumentation
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Figure 3. TWIST specimen designs

Figure 4. TWIST prototype test rig
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The Temperature Heat Sink 
Overpower Response-Metallic 
(THOR-M) Capsule is loaded 

with pre-irradiated Experimental 
Breeder Reactor (EBR-II) pins and 
due to the pre-irradiated nature of 
the fuel this loading process must be 
accomplished within the Hot Fuel 
Examination Facility (HFEF) hot-cell 
environment. Remote handling 
tools, fixturing and processes have 
been developed to accomplish the 
complicated handling, loading, 
bonding, and sealing process in 
HFEF prior to being irradiated in 
Transient Reactor Test Facility 
(TREAT). The effort has involved 
a team of remote engineers, Post-
irradiation examination (PIE) 
researchers, experiment engineers, 
project support staff and operators. 
More than 10 separate pieces of 
equipment had to be developed, 
analyzed, and fabricated to accomplish 
the loading process to have the 
capsule prepared for irradiation.

Project Description: 
Our objectives were to understand 
the experiment hardware and 
desired test outcomes and use those 
to develop a process to load and 
unload the fuel in HFEF. Once a 
process flow chart was developed, 
the tooling, fixtures or modifica-
tions needed to accomplish each 
step of the process were identified. 
From there each individual piece 

Remote Handling and Assembly of the THOR Capsule for Transient 
Testing Irradiated Fast Reactor Fuels
Principal Investigators: Philip Petersen 
Team Members/ Collaborators: Philip Petersen, Jordan Argyle, Justin Yarrington, Clayton Turner, James Chandler, John Stinger, 
Chase Christen, Klint Anderson, JD Kelly, Jason Schulthess

of equipment could be designed, 
drafted, fabricated, and qualified 
for in-cell use. Adding to the design 
challenge each piece of equipment 
incorporated flexibility to function 
with, or with only slight modifica-
tion, function with future THOR 
capsules variations. This equipment 
development under girds the 
critical testing done at the TREAT 
facility. No pre-irradiated capsules 
can be loaded outside of HFEF and 
downstream; no PIE of these experi-
ments can be performed outside 
HFEF making it a critical link in 
the completion of the TREAT tests. 
We are focusing on THOR-M but 
also are using it as a springboard to 
equip HFEF, programmatically and 
physically, to handle TREAT experi-
ment capsule on a regular basis. 
The data produced by the THOR 
campaign from TREAT and HFEF 
is highly valuable to developing 
advanced fuels for the next genera-
tion of reactors that are accident-
tolerant, reliable, and economical 
for future use.

Accomplishments: 
The development of this equipment 
required a coordinated effort from 
three primary groups – Material 
Fuels Complex (MFC’s) Nuclear 
Remote Systems Group, MFC’s 
Advanced Characterization and PIE, 
and the Experiment Design Group. 
The development of the assembly Figure 1. THOR capsule mock-up 

hanging from electro-mechanical 
manipulator (EM) showing strain relief 
fixture and new EM grapple
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process required input from all 
three groups so that the experiment 
objectives, PIE objectives, and 
handling could all be accomplished 
simultaneously. The initial devel-
opment of the process resulted in 
PLN-6325, a plan document. This 
document served as a convenient 
place to collect important assembly 
information. It was written to be 
a living document that would be 
revised as the assembly process 
changed and progressed. This docu-
ment also served as a foundation 
for HFEF-LI-0214, the actual work 
control document for preforming 
the assembly. Progressing from this, 
equipment was identified, and the 
engineering process could be initi-
ated. Functional and Operational 
Requirements (FOR)-662, was then 
written to formally document all the 
engineering requirements needed. 
This document is the primary docu-
ment used in the design process and 
all of the engineering process builds 
on this, so it was a major pillar to 
put in place. With these foundational 
documents in place, design and 
development of the equipment 
could begin. Preliminary designs 
were reviewed on 11/17/2021, three 
months ahead of schedule and 
just four months after completion 
of the process plan (PLN-6325), 
completing a M2 milestone due 
to the direct efforts of the nuclear 
remote systems design group. 
Drafting then commenced with the 
mechanical drafting done solely by 
Cory Conway from MFC’s drafting 
department with collectively over 
50 drawings. Fabrication followed 
with a huge effort from MFC’s 
machine shop. Fabrication started in 

the height of COVID complications, 
staffing issues and supply chain 
shortages. These complications 
were expertly handled by Derek 
Sommer, MFC’s machine shop 
supervisor. The project still being 
on schedule is direct evidence of 
his leadership and the craftsman-
ship of the MFC machinists. The 
completed equipment then started 
its equipment qualification process 
(EQP) in MFC’s mock-up area. Many 
important changes and additions 
resulted from mock-up testing with 
the operators. Some equipment was 
found unnecessary, an additional 
stand was developed, and a variety 
of supplementary hand tools were 
procured and modified for use with 
master slave manipulators (MSMs) 
to further aid the operators. All the 
developed equipment was success-
fully demonstrated and functioned 
as intended, during Phase I. Currently 
the mechanical portion of Phase 
I and II of the EQP have been 
completed and just the electrical/
instrumentation and controls (I&C) 
portion remains. By completing 
Phase II, all the equipment not only 
functioned as intended, but each 
step of the THOR assembly was 
accomplished with the equipment 
remotely. This shows that in theory 
assembly of the THOR capsule in 
HFEF can be accomplished with the 
current equipment. The final phase 
(Phase III) of the EQP (actual in- 
cell practice) and closeout of the 
engineering process is all that remains 
before all the needed equipment can 
be implemented in-cell and the first 
THOR-M capsule can be assembled.

The THOR Capsule 
remote handling 
equipment has made 
it possible for pre-
irradiated transient 
test capsule assembly, 
and disassembly PIE, 
leading the way to 
further capsule handling 
capabilities in HFEF to 
support advanced fuels 
development.

Figure 2. THOR capsule top cap torque 
multiplier used to seal the capsule at 
120ft-lbf
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Figure 3. THOR 5D table insert used to hold the capsule at the 5D worktable while it is loaded and sealed 
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Figure 4. THOR disposable check valve plug clip used to position the plug to be threaded into the check valve, one of the 
first 3D printed tools slated to be used in-cell
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Advanced reactor researchers 
rallied at the prospect of a 
much-needed fast spectrum 

test reactor in the United States, but 
enthusiasm is beginning to wane 
for the Versatile Test Reactor (VTR) 
as meaningful congressional budget 
support continues to be deferred. 
The future is uncertain, and hope 
still endures for the VTR, but at this 
time it is clear that Advanced Fuels 
Campaign (AFC) must formulate 
a success strategy without a fast 
spectrum test reactor in the United 
States. Recent developments for 
transient testing capabilities in 
the Transient Reactor Test facility 
(TREAT) and investigations into 
flux hardening capabilities in the 
Advanced Test Reactor (ATR) lend 
credence to a fuel maturation 
pathway which culminates in fuel 
performance data adequate to enable 
lead test assembly irradiations in 
Sodium Fast Reactors (SFR) licensed 
by the Nuclear Regulatory Commis-
sion (NRC) and/or foreign regulators.

Project Description: 
The capability for safety testing 
SFR fuels in TREAT has been 
recently revived with sodium heat 
sink capsules while other projects 
continue to press forward with 
deployment of a flow sodium loop 

A Strategy for Establishing a Fast Reactor Testbed without a Domestic 
Fast Spectrum Test Reactor
Principal Investigators: Nicolas Woolstenhulme
Team Members/ Collaborators: Colby Jensen, Casey Jesse, Austin Carter

The BEAST design 
will enable ATR-
based irradiation of 
advanced fuel designs 
in prototypic-length fuel 
pins and representative 
flux environment to 
support post irradiation 
exams, enable transient 
testing, and permit 
LTA irradiations in true 
sodium fast reactors.

for TREAT and transient furnace 
capabilities in collocated hot cells. 
In just a few years a full suite of SFR 
transient testing capabilities will be 
established. Irradiated specimens 
retained from the historic Integral 
Fast Reactor program will support 
many valuable tests, but these speci-
mens do not represent modern fuel 
design modifications and advance-
ments of interest to the community.

There are currently no operating fast 
spectrum reactors available in the 
US or countries where collaborations 
are politically feasible. However, 
TerraPower continues to move 
forward with their plans to construct 
the Natrium reactor in Wyoming 
and efforts are underway to resume 
operation of the Joyo reactor in 
Japan. Either of these reactors could 
offer a prototypic environment for 
lead test assembly (LTA) irradiations 
on advanced SFR fuel designs, but 
neither of these reactors will be 
licensed in the same was as DOE’s 
test reactors. It is expected that a 
higher level of performance data 
(e.g., license amendment request) 
will be needed enable LTA irradia-
tions in these reactors, especially for 
highly novel fuel designs. Thus, the 
key gap is the ability to accumulate 
burnup on full-size SFR fuel pins in 

Figure 1. Neutron flux spectrum 
in test pins

4.5 GENERAL
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a fast flux environment in order to 
prepare specimens for post irradiation 
exams and transient tests.

A previous scoping study investigated 
use of the existing Belgium Reactor 
2 (BR2) fuel assembly in an ATR flux 
trap as a fast-flux converter booster. 
These results were promising, but 
it was recognized that that the BR2 
assembly was not optimized for this 
purpose. Investigations into a new 
design, termed the Boosted Energy 
Advanced Spectrum Test (BEAST), 
was undertaken under AFC funding 
in 2022.

Accomplishments:
A model of BEAST was developed 
in the Monte Carlo N-Particle 
(MCNP) code in the Northeast Flux 
Trap (NEFT) of ATR. The model 
incorporated explicit representations 
of the BEAST booster fuel element, 
thermal neutron filtering, and 15 
SFR test pin locations in the center 
(EBR-II U-10Zr fuel pins were 
modeled). Significant reductions in 
the amount of moderating coolant 
water were made in the design 
to harden the spectrum as much 
as possible. Flux levels, neutron 
energy spectrum, and heating rates 

Figure 2. Depiction of thermal model 
and temperature estimates
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were predicted. The test pins were 
shown to have minimal thermal 
neutron flux, a strong fast flux, 
and to achieve prototypic linear 
heating rates ranging from 300-400 
W/cm. The heat rate in the booster 
fuel was found to significantly 
decrease with each ring toward the 
experiment center showing that it 
converts most of thermal neutrons 
to fission reactions.

A finite element analysis model 
developed using Abaqus was utilized 
to provide preliminary temperature 
predictions. Simple hand calculations 
estimated the hydraulic characteristics 
of BEAST and showed that total 
flow through the test is within the 
flow limit currently imposed by 
ATR (~500 gpm). These preliminary 

results demonstrate that it should 
be feasible to irradiate BEAST in 
the NEFT from a thermal-hydraulic 
perspective. Future modeling is 
needed to optimize the design 
further and explore other irradiation 
positions such as ATR’s smaller flux 
traps (south or east flux traps). It is 
presumed that the NEFT option will 
be ideal since it can accommodate 
more booster fuel, thicker thermal 
neutron filters, and more test 
specimens (Big-BEAST). The NEFT, 
however, it is a hotly contested 
position among ATR users and 
forthcoming studies will determine 
if other flux traps will be adequate 
(Little-BEAST).

Figure 3. Scale representation of 
Big-BEAST and Little-BEAST options
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Under C Ring Compression Test

Proceedings of TopFuel21 
Conference, Santander, Spain. 
October 2021

Zhang, B. Study of Reference Burnup Steps 
Optimization in Fuel Segment Data 
File Generation for NEXUS/ANC9 
Code System

Proceedings of 2022 PHYSOR 
Conference, Pittsburgh, 
Pennsylvania, US. May 2022

Zhang, J., Vermeeren, B., Schinazi, C., 
Schneidesch, C., Meert, A., Doncel, N., 
Martinez, L. & J.L. Walters

Design and Safety Evaluation of 
Cr-Coated Lead Test Rods for Doel 
Nuclear Power Plant Unit 4

Proceedings of TopFuel21 
Conference, Santander, Spain. 
October 2021
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5.2 FY-22 LEVEL 2 MILESTONES

Work Package Title Site Work Package 
Manager

Level 2 Milestone

Interface Mechanical Property 
Testing for Coated Zircaloy - LANL

LANL Eftink, Ben Issue report on bulge testing and microscale 
testing on coated zircaloy

Integral Irradiation Testing - INL INL Hoggard, Gary ATF-2C test train top tier assembled and ready 
for insertion

HERA - INL INL Astle, Leigh Ann First two experiments on pre-hydrided 
cladding ready for irradiation

Accelerated Irradiation and 
Qualification of Ceramic Nuclear 
Fuels - LANL

LANL Paisner, Scarlett Status report on test matrix for irradiation tests

ATF Post Irradiation Examination 
- INL

INL Cappia, Fabiola Draft manuscript on optimized tensile testing 
of irradiated cladding

Integral Transient Testing - INL INL Astle, Leigh Ann Draft manuscript on the resumption of water 
capsule RIA testing at TREAT

Accelerated Ceramic Fuel 
Development - LANL

LANL White, Josh Status report on doped UO2 properties and 
performance

Develop HBu Transient FGR 
Capability - ORNL

ORNL Linton, Kory Report summarizing design for SATS fission 
gas release capability and proof of concept 
experiment demonstration 

Characterization of High Burnup 
Fuel Samples - ORNL

ORNL Capps, Nathan Report summarizing high burnup 
microstructural data of commercially 
irradiated fuel

ARES - Joint Work with JAEA to 
Study Off-normal Behavior of Fast 
Reactor Fuels - INL

INL Smuin, Trevor Conduct preliminary design review for THOR 
remote handling and process equipment

ARES - Joint Work with JAEA to Study 
Off-normal Behavior of Fast Reactor 
Fuels - INL

INL Smuin, Trevor Complete THOR commissioning test plan in 
BUSTER (nominally 3 transients)
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5.3 AFC NUCLEAR ENERGY UNIVERSITY  
PROJECTS (NEUP) GRANTS 

Lead University Title Principal Investigator
University of Wisconsin, 
Madison

Extreme Performance High Entropy Alloys 
(HEAs) Cladding for Fast Reactor Applications

Adrien Couet

University of Wisconsin, 
Madison

Critical Heat Flux Studies for Innovative Acci-
dent Tolerant Fuel Cladding Surfaces

Michael Corradini

Colorado School of Mines Development of Advanced High-Cr  
Ferritic/Martensitic Steels

Kester Clarke

Massachusetts Institute  
of Technology

Determination of Critical Heat Flux and  
Leidenfrost Temperature on Candidate  
Accident Tolerant Fuel Materials

Matteo Bucci

Virginia Commonwealth  
University

Evaluation of Accident Tolerant Fuels Surface  
Characteristics in Critical Heat Flux Performance

Jessika Rojas

University of New Mexico Nanostructured Composite Alloys  
for Extreme Environments

Osman Anderoglu

University of New Mexico An Experimental and Analytical Investigation 
into Critical Heat Flux (CHF) Implications for 
Accident Tolerant Fuel (ATF) Concepts

Youho Lee

Active Projects Awarded in 2017
Nuclear Energy University Cooperative Agreements
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Active Projects Awarded in 2018
Nuclear Energy University Cooperative Agreements

Lead University Title Principal Investigator
University of California, 
Berkeley

Understanding of Degradation of SiC/SiC  
Materials in Nuclear Systems and Development  
of Mitigation Strategies

Peter Hosemann

University of California, 
Berkeley

Bridging the Length Scales  
on Mechanical Property Evaluation

Peter Hosemann

University of Minnesota,  
Twin Cities

Probabilistic Failure Criterion of SiC/SiC  
Composites Under Multi-Axial Loading

Jialiang Le 

University of Wisconsin-
Madison

Advanced Coating and Surface Modification  
Technologies for SiC-SiC Composite for  
Hydrothermal Corrosion Protection in LWR

Kumar Sridharan

University of Michigan Mechanistic Understanding of Radiolytically 
Assisted Hydrothermal Corrosion of SiC  
in LWR Coolant Environments

Peng Wang

Purdue University Microstructure-Based Benchmarking for  
Nano/Microscale Tension and Ductility Testing  
of Irradiated Steels

Janelle Wharry 

University of Florida Multiaxial Failure Envelopes and Uncertainty  
Quantification of Nuclear-Grade SiCf/SiC Woven 
Ceramic Matrix Tubular Composites

Ghatu Subhash

University of Notre Dame Radiolytic Dissolution Rate of Silicon Carbide David Bartels

University of Utah Benchmarking Microscale Ductility Measure-
ments

Owen Kingstedt

University of Nebraska, Lincoln Bridging Microscale to Macroscale Mechanical 
Property Measurements and Predication of  
Performance Limitation for FeCrAl Alloys  
Under Extreme Reactor Applications

Jian Wang

University of South Carolina Development of Multi-Axial Failure Criteria  
for Nuclear Grade SiCf-SiCm Composites

Xinyu Huang
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Active Projects Awarded in 2019
Nuclear Energy University Cooperative Agreements

Lead University Title Principal Investigator
University of Pittsburgh Thermal Conductivity Measurement  

of Irradiated Metallic Fuel Using TREAT
Heng Ban

The Ohio State University Neutron Radiation Effect on Diffusion between  
Zr (and Zircaloy) and Cr for Accurate Lifetime 
Prediction of ATF

Wolfgang Windl

North Carolina State University Novel Miniature Creep Tester for Virgin and 
Neutron Irradiated Clad Alloys with Bench-
marked Multiscale Modeling and Simulations

Korukonda Murty

University of South Carolina Remote Laser Based Nondestructive Evaluation  
for Post Irradiation Examination of ATF Cladding

Lingyu Yu

University of Tennessee  
at Knoxville

Radiation-Induced Swelling  
in Advanced Nuclear Fuel

Maik Lang

University of Minnesota,  
Twin Cities

High Throughput Assessment of Creep Behavior  
of Advanced Nuclear Reactor Structural Alloys by 
Nano/Microindentation

Nathan Mara
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Active Projects Awarded in 2020
Nuclear Energy University Cooperative Agreements

Lead University Title Principal Investigator
University of Wisconsin-
Madison

Investigation of Degradation Mechanisms  
of Cr-coated Zirconium Alloy Cladding  
in Reactivity Initiated Accidents (RIA)

Hwasung Yeom

University of Wisconsin-
Madison

Maintaining and Building Upon the Halden 
Legacy of In-situ Diagnostics

Michael Corradini

University of California, 
Berkeley

Femtosecond Laser Ablation Machining & Exami-
nation - Center for Active Materials Processing  
(FLAME-CAMP)

Peter Hosemann

Rensselaer Polytechnic Institute Chemical Interaction and Compatibility  
of Uranium Nitride with Liquid Pb and  
Alumina-forming Austenitic Alloys

Jie Lian

Georgia Institute of Technology Linear and Nonlinear Guided Ultrasonic Waves to 
Characterize Cladding of Accident Tolerant Fuel 
(ATF)

Laurence  Jacobs
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Active Projects Awarded in 2021
Nuclear Energy University Cooperative Agreements

Lead University Title Principal Investigator
University of Tennessee  
at Knoxville

Safety Implications of High Burnup Fuel  
for a 2-Year PWR Fuel Cycle

Nicholas Brown

University of Tennessee  
at Knoxville

Fuel-to-Coolant Thermomechanical Behaviors 
Under Transient Conditions

Nicholas Brown

University of Florida High-Fidelity Modeling of Fuel-to-Coolant  
Thermomechanical Transport Behaviors Under 
Transient Conditions

Justin Watson

University of Wisconsin-
Madison

Post-DNB Thermo-mechanical Behavior of 
Near-term ATF Designs in Simulated Transient 
Conditions

Hwasung Yeom

University of Tennessee  
at Knoxville

Modeling High-Burnup LWR Fuel Behavior 
Under Normal Operating and Transient Condi-
tions

Giovanni Pastore

Massachusetts Institute  
of Technology

Experimental Investigation and Development of 
Models and Correlations for Cladding-to-Coolant 
Heat Transfer Phenomena in Transient Condi-
tions in Support of TREAT and the LWR Fleet.

Matteo Bucci

Oregon State University Characterizing Fuel Response and Quantifying 
Coolable Geometry of High-Burnup Fuel

Wade Marcum

University of Pittsburgh Fragmentation and Thermal Energy Transport  
of Cr-doped Fuels under Transient Conditions

Heng Ban

Texas A&M University Multiscale Modeling and Experiments for  
Investigating High Burnup LWR Fuel Rod 
Behavior Under Normal and Transient Condi-
tions

Karim Ahmed

Pennsylvania State University Estimation of Low Temperature Cladding 
Failures During an RIA Transient

Arthur Motta
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Active Projects Awarded in 2022
Nuclear Energy University Cooperative Agreements

Lead University Title Principal Investigator
Massachusetts Institute of 
Technology

Understanding of ATF Cladding Performance 
under Radiation using MITR

David Carpenter

University of Texas at San 
Antonio

International Collaboration to Advance the Tech-
nical Readiness of High Uranium Density Fuels 
and Composites for Small Modular Reactors

Elizabeth S. Sooby

University of Wisconsin-
Madison

Development of Advanced Control Rod Assembly 
for Improved Accident Tolerance and High 
Burnup Fuel Cycle

Kumar Sridharan

Purdue University Physics-guided Smart Scaling Methodology for 
Accelerated Fuel Testing

Hany Abdel-Khalik

Massachusetts Institute of 
Technology

ATF Solutions to Light Water-Cooled SMRs Koroush Shirvan
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5.4 ACRONYMS

AE ................................................................................................................................ Acoustic Emission

AFC ................................................................................................................ Advanced Fuels Campaign

AIC ....................................................................................................................Silver-Indium-Cadmium

AIMD ...................................................................................................... Ab Initio Molecular Dynamics 

AL ............................................................................................................................................ Air Liquide

ANL ........................................................................................................... Argonne National Laboratory

ANO ......................................................................................................................Arkansas Nuclear One

ARES ....................................................Advanced Reactor Experiments for Sodium Fast Reactor Fuels

ASI ................................................................................................... Advanced Sensors and Instruments

ATCR ...................................................................................................... Accident Tolerant Control Rods

ATF ........................................................................................................................Accident Tolerant Fuel

ATR ....................................................................................................................... Advanced Test Reactor

BDBA ....................................................................................................... Beyond Design Basis Accident

BEAST .....................................................................................Boosted Energy Advanced Spectrum Test 

B-HiPIMS ................................................ Bipolar Hybrid High Power Impulse Magnetron Sputtering

BSDs ............................................................................................................................ Black Spot Defects 

BNL .....................................................................................................Brookhaven National Laboratory

BR2 ............................................................................................................................. Belgium Reactor - 2

BU ................................................................................................................................Bangor University

BWR ...................................................................................................................... Boiling Water Reactor

CCCTF ....................................................................................Core Conduction Cooldown Test Furnace 

CDM ...................................................................................................... Continuum Damage Mechanics

CEA ................................................................................................Commissariat à l’ Énergie Atomique

CHF .............................................................................................................................. Critical Heat Flux

CIC .................................................................................................................. Core Internal Change-out

CLP ......................................................................................................Constitutive Law for Polycrystals

COV ..................................................................................................................... Coefficient of Variation
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CRAFT ............................................................Collaborative Research on Advanced Fuel Technologies

CVD .............................................................................................................. Chemical Vapor Deposition

DCMS ..............................................................................................................DC Magnetron Sputtering

DEH .......................................................................................................................Decay-energy Heat Up

DFT ............................................................................................................... Density Functional Theory

DIC .................................................................................................................. Digital Image Correlation

DMM .................................................................................................... Direct Micromechanics Method

DNB .................................................................................................... Departure from Nucleate Boiling

DOE .......................................................................................................................Department of Energy

dpa ....................................................................................................................Displacements per Atom

EATF ................................................................................................... Enhanced Accident Tolerant Fuel

EBR ..........................................................................................................Experimental Breeder Reactor

EBSD .................................................................................................... Electron Backscatter Diffraction

EC ...................................................................................................... Constellation Energy Corporation 

EDF .......................................................................................................................... Électricité de France 

EDS ....................................................................................................... Energy Dispersive Spectroscopy
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EDX ...................................................................................................................Energy Dispersion X-Ray

EM ........................................................................................................Electro-mechanical Manipulator

EMPA .............................................. Swiss Federal Laboratories for Materials Science and Technology 

EMT .................................................................................................................Effective Medium Theory

EPRI ....................................................................................................Electric Power Research Institute

EQP .....................................................................................................Equipment Qualification Process

ESM .......................................................................................................Electromagnetic Systems Group

F&OR .................................................................................. Functional and Operational Requirements

FAST ......................................................................................... Fission Accelerated Steady-state Testing

FCCI ............................................................................................... Fuel Cladding Chemical Interaction

FCRD...........................................................................................Fuel Cycle Research and Development

FE ...................................................................................................................................... Finite Element

FFRD .............................................................................Fuel Fragmentation, Relocation, and Dispersal

FFT ..............................................................................................................Fast Fourier Transformation

FGR ............................................................................................................................ Fission Gas Release

FIB................................................................................................................................ Focused Ion Beam

FLAME-CAMP ............................................ Femtosecond Laser Ablation Machining & Examination -  
Center for Active Materials Processing

FMP...................................................................................................................... Five Metal Precipitates

FOR ..................................................................................... Functional and Operational Requirements

FPTTEG .......................................................... Fuel Performance and Testing Technical Experts Group

GA .................................................................................................................................. General Atomics

GA-EMS............................................................................. General Atomics – Electromagnetic Systems 

GE .................................................................................................................................... General Electric

GM ........................................................................................................................................Grid Method

GNF ......................................................................................................................... Global Nuclear Fuels

HAADF ................................................................................................. High Angle Annular Dark Field

HBFF ..................................................................................................High Burnup Fuel Fragmentation

HBu ......................................................................................................................................High Burnup



2022 | AFC ACCOMPLISHMENTS184

HBWR ..................................................................................................... Halden Boiling Water Reactor

HEA ........................................................................................................................... High Entropy Alloy

HERA ......................................................High Burnup Experiments in Reactivity initiated Accidents

HFEF ........................................................................................................Hot Fuel Examination Facility

HFIR ...............................................................................................................High Flux Isotope Reactor

HiPIMS ................................................................ Hybrid High Power Impulse Magnetron Sputtering 

HRTEM ............................................................... High Resolution Transmission Electron Microscopy

IAC ........................................................................................................... Industry Advisory Committee

ICP-MS ....................................................................... Inductively Coupled Plasma Mass Spectrometry

INL ................................................................................................................. Idaho National Laboratory

JAEA ...................................................................................................... Japanese Atomic Energy Agency

KIT .................................................................................................... Karlsruhe Institute of Technology

KTH ..........................................................................................................Royal Institute of Technology

LAGB .......................................................................................................... Low Angle Grain Boundaries

LANCR ......................................................... Lattice Neutronic Characteristics Evaluation & Research

LANL .................................................................................................... Los Alamos National Laboratory

LED .........................................................................................................................Light Emitting Diode

LEXA .......................................................................................................Long-term Exposure Autoclave

LFA ........................................................................................................................... Laser Flash Analysis

LOCA ................................................................................................................. Loss of Coolant Accident

LOF .........................................................................................................................................Loss of Flow

LS-EVP-FFT .....................................................Large Strain Elasto-viscoplastic Fast Fourier Transform 

LTA .............................................................................................................................Lead Test Assembly

LTR .......................................................................................................................................Lead Test Rod

LUA............................................................................................................................. Lead Use Assembly

LVDT ...................................................................................... Linear Variable Differential Transformer

LWR ..........................................................................................................................Light Water Reactor

MCNP .................................................................................................................. Monte Carlo N-Particle 

MCS ................................................................................................................. Monte Carlo Simulations
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MD .......................................................................................................................... Molecular Dynamics

MFC ...........................................................................................................Materials and Fuels Complex

MIT ............................................................................................Massachusetts Institute of Technology

MITR ............................................................................ Massachusetts Institute of Technology Reactor

MOX ......................................................................................................................................Mixed Oxide

MOXTOP.......................................................................................... Mixed Oxide Transient OverPower

MSCP .................................................................................Mechanisms-based Single Crystal Plasticity

MSM ...............................................................................................................Master Slave Manipulator

MTR .............................................................................................................................. Material Test Rod

NCS .......................................................................................................................... Nitrogen Cold Spray

NCSU .................................................................................................... North Carolina State University 

NE .................................................................................................................................... Nuclear Energy

NEA ..................................................................................................................... Nuclear Energy Agency

NEAMS ................................................................Nuclear Energy Advanced Modeling and Simulation

NEFT ........................................................................................................................ Northeast Flux Trap 

NEI ....................................................................................................................Nuclear Energy Institute

NEUP ................................................................................................ Nuclear Energy University Project

nRAD .....................................................................................................................Neutron Radiography 

NRC ......................................................................................................Nuclear Regulatory Commission

ODS ........................................................................................................Oxide Dispersion Strengthened

OECD .......................................................Organisation for Economic Co-operation and Development

OFHC ..................................................................................... Oxygen-free High Thermal Conductivity

ORNL ..................................................................................................... Oak Ridge National Laboratory

OSU .................................................................................................................... Oregon State University

PEEQ ............................................................................................................................Equivalent Plastic

PGS .........................................................................................................Precision Gamma Spectroscopy

PI ........................................................................................................................... Principal Investigator

PID .......................................................................................................Proportional-Integral-Derivative

PIE............................................................................................................. Post-irradiation Examination
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PLS ...................................................................................................................Proportional Limit Stress

PSA ................................................................................................................ Probability Safety Analysis

PTE ............................................................................................................. Post-transient Examinations

PVD ................................................................................................................ Physical Vapor Deposition

PWR ............................................................................................................... Pressurized Water Reactor

R&D ................................................................................................................. Research & Development

RD&D .............................................................................. Research, Development, and Demonstration

RIA ............................................................................................................. Reactivity-Initiated Accident 

RPI ....................................................................................................... Rensselaer Polytechnic Institute

RTT ................................................................................................................................Ring Tension Test

RUC .......................................................................................................................... Repeatable Unit Cell

RVE ...................................................................................................... Representative Volume Element

SATS .............................................................................................................Severe Accident Test Station

SEH .......................................................................................................................Stored-energy Heat Up 

SEM ......................................................................................................... Scanning Electron Microscopy

SERTTA ...............................................................Static Environment Rodlet Transient Test Apparatus 

SFF ................................................................................................................................ Sodium Free Fuel 

SFR ........................................................................................................................... Sodium Fast Reactor

SI ............................................................................................................................... Structural Integrity 

SiC .....................................................................................................................................Silicon Carbide

SMR .....................................................................................................................Small Modular Reactor

SNC ............................................................................................................. Southern Nuclear Company 

SNM .................................................................................................................Special Nuclear Materials 

STEM .............................................................................. Scanning Transmission Electron Microscopy

TCM ..................................................................................................Thermal Conductivity Microscope

TD ............................................................................................................................. Theoretical Density

TEM .................................................................................................Transmission Electron Microscopy

tFGR .......................................................................................................... Transient Fission Gas Release

THOR .............................................................................. Temperature Heat Sink Overpower Response
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THOR-C ...............................................................................................................THOR Commissioning

THOR-M ........................................................................................................................... THOR Metallic

TREAT ......................................................................................................Transient Reactor Test Facility

TWIST ...........................................................................Transient Water Irradiation System in TREAT

UBr ........................................................................................................................... University of Bristol

UCB .....................................................................................................University of California Berkeley

UHT ................................................................................................................... Ultra-high Temperature 

ULS ......................................................................................................................... Ultimate Limit States

UN ..................................................................................................................................Uranium Nitride

USC ............................................................................................................ University of South Carolina

UT........................................................................................................................University of Tennessee

UTA ................................................................................................................ University of Texas-Austin

UVa .........................................................................................................................University of Virginia

UW .................................................................................................................... University of Wisconsin

VM ............................................................................................................................................ von Mises

VPSC ...........................................................................................................Visco-Plastic Self-Consistent 

VTR .........................................................................................................................Versatile Test Reactor

WEC .................................................................................................... Westinghouse Electric Company

XPS .....................................................................................................X-ray Photoelectron Spectroscopy

XRD ...............................................................................................................................X-Ray Diffraction
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Page 2

SIRIUS-3 in TREAT neutron 
radiography stand in using the 
Loop Handling Cask.

Page 4

THOR-C-2 Assembly in TREAT.

Page 8

Concurrent Testing going  
into TREAT.

Page 19

Loading sodium into the THOR-
C-2 capsule during assembly.

Page 22

Kelly McCary threads the optical 
fiber for the distributed tempera-
ture sensor in the THOR heat sink.

Page 105

Heat sink assembly for the 
TREAT THOR capsule which 
was recently irradiated in TREAT 
to show overpower limits for 
advanced metallic fuel.

Page 120

THOR-C-3 repair work in progress.

Page 140

Working on mockup testing of 
remote handling for assembly 
and disassembly of the THOR 
experiment capsule.

5.5 DIVIDER PHOTO CAPTIONS
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Page 168

Concurrent Testing going  
into TREAT.

Page 173

ATF-R shipment from TREAT  
to HFEF.

Page 181

Receiving new glove box for 
TREAT Experiment Support 
Building (TESB).

Page 182

THOR-C-2 Assembly in HTTL - 
Instrumentation.

Page 187

THOR-C-2 Assembly in  
FASB glovebox.

Page 188

Optical microscopy of the ATF-
RIA-1-B irradiation experiment 
tested to failure under RIA 
conditions in TREAT reveals 
oxidation and phase transfor-
mation of the cladding.
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