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Introduction

As the nation's nuclear energy laboratory, 
Idaho National Laboratory (INL) brings 

together talented people and specialized 
nuclear research capability to accomplish 
our mission. This edition of the Nuclear 
Fuels and Materials Division Spotlight 
provides an overview of some of our recent 
accomplishments in research and capability 
development. These accomplishments 
include:

palladium migrating through the SiC 
layer in TRISO fuel

stress corrosion testing capabilities that 
support commercial light water reactor 
life extension

testing on coated particle fuels irradiated 

irradiated plate-type reactor fuel

wirelessly provides real time information  
about changes in nuclear fuel properties 
and operating conditions

use inside reactor cores, and an example 
of a capsule irradiation test.

of productive partnerships with academia, 
industry, and government agencies that 
deliver high-impact outcomes. The work 
conducted at INL helps to spur innovation 
in nuclear energy applications that drive 
economic growth and energy security. 

We appreciate your interest in our work here 

informative.

Mitchell K. Meyer is the Director of the 
Nuclear Fuels and Materials Division (Ph.D. 
Ceramic Engineering, Iowa State University) 
at INL. Dr. Meyer has been involved in a 
wide range of research including nuclear 

high temperature materials, and synthesis 
of polymers. Beginning in 2001, Dr. Meyer 
began work in the area of transmutation 
fuel development, including research on 

americium and neptunium content. In 2003, 
Dr. Meyer was appointed to lead the U.S. 
Generation IV GFR (Gas Fast Reactor) fuel 
effort to develop novel high-temperature, 
high-density fuels in conjunction with 
international partners. In 2004, Meyer 
assumed the role of National Technical Lead 
for the Reduced Enrichment for Research 
and Test Reactors (RERTR) fuel develop-
ment program, including responsibilities 
for supplying fuel for conversion of foreign 

and domestic reactors to low-enrichment. In 
2007, Dr. Meyer was appointed as Interim 

operational strategy for this important facil-
ity. Today, in addition to duties as Director of 
INL’s Nuclear Fuels and Materials Division 
he serves as National Technical Lead for the 
Global Threat Reduction Initiative (GTRI) 
fuel development program. 
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Disclaimer

This information was prepared as an account 
of work sponsored by an agency of the U.S. 
Government. Neither the U.S. Government 
nor any agency thereof, nor any of their 
employees, makes any warranty, express 
or implied, or assumes any legal liability 
or responsibility for the accuracy, com-
pleteness, or usefulness of any information, 
apparatus, product, or process disclosed, or 
represents that its use would not infringe 
privately owned rights. References here 

process, or service by trade name, trade-
mark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorse-
ment, recommendation, or favoring by the 
U.S. government or any agency thereof. The 
views and opinions of authors expressed 

those of the U.S. Government or any agency 
thereof.
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Figure 1. Diagram of a TRISO particle.

Introduction

The performance of nuclear fuels during 
off-normal reactor events is a key 

safety. Understanding how fuel behaves 
at high temperatures and, in particular, the 

performance envelope during reactor design. 
This is particularly true with the high-tem-
perature gas-cooled reactor (HTGR), which 
uses tristructural isotropic (TRISO) coated 
particle fuel and helium as coolant. 

TRISO fuel consists of a spherical uranium 
oxide or uranium oxide/carbide fuel kernel 
approximately 350–500 μm in diameter. 
The kernel is coated with a porous carbon 
buffer layer (~100 μm thick), a dense inner 
pyrolytic carbon layer (~40 μm thick), a 
silicon carbide (SiC) layer (~35 μm thick), 
and an outer pyrolytic layer (~40 μm thick), 

as shown in Figure 1. Together, these coat-

products released from the fuel kernel, both 
during normal reactor operation and during 
a high-temperature depressurized loss-of-
coolant accident. The SiC layer provides the 
primary structural support and is the main 

While TRISO fuel is expected to experience 
operating temperatures in the range of 
1000–1250°C, a depressurized loss-of-coolant 
accident can see temperatures increase to as 
high as 1600°C in small fractions of the core. 

of diffusing through coating layers and into 
the core structural materials and beyond. 
Cesium release is particularly sensitive 

generally only released if all of the coating 
layers are breached. Silver diffuses relatively 
rapidly through intact SiC, and plate-out of 

-
ponents may have consequences for reactor 
maintenance. In addition, reaction of certain 

temperatures and could potentially jeopardize 
the integrity of the coating. High-quality 
TRISO fuel is designed to withstand these 

component of the HTGR passive safety case.

The United States recently completed the 

test the in-pile performance of TRISO fuel as 
part of the Very High-Temperature Reactor 

compacts—each containing approximately 
4,100 coated particles—and was irradiated 
in the Idaho National Laboratory (INL) 

[1]. The performance of the fuel during irra-
diation was exceptional, with zero failures out 
of a total of 3×105 particles in the experiment, 

products such as cesium and strontium [1, 2]. 

examination of the fuel is high-temperature 

product retention of the particles is 
evaluated at temperatures as high as 1800°C. 
Measurements of accident performance 
have historically been carried out during 
post-irradiation examination by heating fuel 
elements in pure helium to temperatures in 
the range of 1600–1800°C, while monitoring 

cesium, and strontium [3, 4]. 
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[5], with basic system design features and 

furnace used in the 1980s and early 1990s 

release characteristics of spherical TRISO 
fuel elements as part of the German HTGR 
Program [6]. The system is now being used to 
perform safety tests on the  

in parallel with tests performed at Oak Ridge 
National Laboratory using a similar furnace 
system developed previously (the Core 
Conduction Cooldown Test Facility). The 
use of the two separate systems allows for an 
increased sample throughput for the program 
(this is an important consideration given the 
large number of specimens that must be tested 
to experimentally verify very small particle 

of data integrity by comparing results from 
the two testing systems.

FACS System Description

main furnace assembly, power supply, 
control cabinet with operator control 
station, cooling-water supply system, and 
helium supply system. Figure 2 shows the 
main furnace assembly and the related 
components, which are located inside the 
shielded main hot cell at the INL Materials 
and Fuel Complex (MFC) Hot Fuel 
Examination Facility (HFEF). The design 
approach was for a system that would allow 
for a high degree of automation in basic 
operation, including condensation plate 
exchange (described below), to facilitate 
remote operation. The system is operated 
using a computer control station with a 
graphical user interface located near the hot-
cell window. The basic system was built by 
TevTech, LLC, in Billerica, Massachusetts, 

operation and maintenance in the Hot Fuel 
Examination Facility hot cells.

Internally, the main furnace chamber has 
tantalum primary hot zone components 
and is heated using a graphite resistance 

transformer located outside of the hot 
cell. The fuel specimen is heated inside an 

supported on a tantalum holder that sits atop 
a tantalum support tube inserted from the 
bottom of the furnace. Helium is injected 
into the main chamber through this support 

at the top with a 19-mm-diameter aperture, 

the condensation plate. The fuel specimen 
temperature is monitored with redundant 
Type C (tungsten-rhenium) thermocouples 
housed within the tantalum support tube.

Figure 2. Main FACS furnace assembly. 
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The hot zone can accommodate samples 
up to approximately 75 mm in diameter 
(which would include, for example, a 
standard 60-mm-diameter spherical HTGR 
fuel element). Special sample holders 
have been designed to accommodate the 

compacts, although any specimen geometry 
can be accommodated through design of a 
custom tantalum holder. Ten layered heat 
shields enclose the heating element and 
specimen in the center of the furnace while 
shielding the outer components from the 
elevated temperatures. These consist of 
four inner tantalum shields, followed by 

stainless steel shields.

removable 35-mm-diameter stainless steel 
condensation plate on the end (Figure 3). 

the steel plate is located immediately above 

as silver, cesium, europium, and strontium) 
that have evolved from the heated fuel 

of helium during the test. The condensation 
plates can be exchanged periodically during 
a test, which allows the time-dependent 

to be determined. The condensate plate 
temperature is monitored with redundant 
Type J thermocouples.

The exchange of condensate plates was 
designed to be accomplished automatically, 
with only minimal operator manipulation. 
The transfer mechanism (shown to the 
right of the main chamber in Figures 2 and 
3) consists of a transfer chamber with an 
access port, a pneumatically operated gate 
valve that isolates the transfer chamber from 
the furnace main chamber, a small stepper 
motor coupled to a horizontal ball screw, 

condensation plate is remotely loaded by the 
operator onto the cradle via the access port. 
When a plate exchange is initiated, the cold 

cradle, located at the end of a positioning 
arm, is moved horizontally beneath the cold 

cradle, and a new plate is then positioned 

acquired using the rotary locking action. The 
entire condensate plate exchange operation 
is performed automatically by computer 
control. The operator need only remove the 
used plate from the cradle once it has been 
retracted into the transfer chamber and place 
a fresh plate on the cradle.

condensation plates are packaged in clean 
plastic containers and sent to the MFC 

analysis consists of gamma counting using a 
high-purity germanium (HPGe) detector to 
measure the inventory of gamma-emitting 

Cs-134, Cs-137, and Eu-154), followed by 

products, including Sr-90.

Figure 3. Cutaway view of the FACS main furnace chamber, cold ½nger, and transfer chamber 
assembly.
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Fission Gas Monitoring System

Fission gases (including Kr-85 and Xe-133) 
released from the fuel specimen inside the 

sweep gas out of the furnace, through a 

monitoring system (FGMS) for analysis using 
gamma spectrometry. The FGMS is located 
outside of the hot cell and consists of dual 
lead-shielded, liquid-nitrogen-cooled charcoal 

HPGe detector and adjustable collimator. One 
of the assemblies is shown in Figure 4.

within the cold trap while the helium exits 
through the FGMS exhaust. The cold traps 
are maintained at -190°C by use of an auto-

by FGMS software, which was developed 
at INL. Figure 5 shows a cross-section view 
of the FGMS cold trap assembly. The cold 
traps are typically operated in series during a 

as the primary in the event of a failure of the 

The FGMS software was designed to collect 
data continuously during a safety test. Data 
acquisition times are manually set based on 
the experimental test conditions. When a test 
begins, the FGMS software communicates 

controller to obtain test time and temperature 
information. These data are then logged 
continuously with the spectral data that are 
collected. The FGMS collects a continual 
spectrum that runs the duration of the test, 
and all measurements taken by the FGMS 
software are performed in near real time, 
thus eliminating the need for lengthy post 
processing. 

Figure 4. Schematic of the FGMS HPGe detector con½guration, the collimator�shutter mechanism, 
and the coldtrap and detector shield asssembly.

Figure 5. Cutaway view of the FGMS coldtrap.
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Results of the First AGR-1 
Safety Test

Reactor to a compact average burnup 

maximum in-pile temperature of 1130°C 
[1]. During the ramp up to the target furnace 
temperature, there were intermediate holds at 
400°C for 2 hours (to provide adequate time 
to eliminate moisture from the specimen) 
and 1250°C for 12 hours (to simulate the 
operating temperature in an HTGR) before 
continuing to 1600°C, where the compact 

system and the FGMS both performed 
extremely well during the test, operating 

Condensation plates were exchanged at 
intervals between approximately 12 and 

release was monitored continuously with 

were used during the test.

condensation plates were sent to the MFC 

detector to determine the activity of gamma-

The collection surfaces of the plates were 
then treated with nitric acid to remove 

were analyzed with inductively coupled 
plasmas mass spectrometry to determine the 

products. Strontium separation, followed 

used to determine the Sr-90 inventory. 

(i.e., the amount deposited on the plates 
divided by the amount released from the 
specimen) is generally less than 100%; 

be used to determine the total inventory 

released from the specimen. These collection 

development and testing and have been used 
to convert the measured inventories on the 
condensation plates to the total inventory 
released from the fuel specimen.

in Figure 6. The release fraction is 
determined by dividing the inventory 
released from the compact by the predicted 
end-of-irradiation inventory of the compact 

experiment [7]. The horizontal dashed line 
represents the fraction of a fuel compact 
inventory in a single particle for reference 
(2.4 × 10-4

the test is also provided in Figure 6. The 

through intact TRISO coatings, some are 
retained effectively only by SiC, and others 
are retained by any dense intact coating 
(IPyC, SiC, or OPyC), the nature of the 

information regarding failure of various 
coating layers during the test.

Kr-85

Fission gas behavior during a high-
temperature safety test is critically important 

of a complete failure of all three dense 

from Compact 6-4-1 remained extremely 
low for the duration of the test, reaching a 
maximum of 2 × 10-6 at the end of the test. 

coating failures in Compact 6-4-1 and also 
that diffusive release of krypton through the 
intact coatings was very low at 1600°C.

Figure 6. Fission-product release fraction from Compact 6-4-1 during heating at 1600°C for 300 
hours. The dashed line represents the fraction corresponding to the ½ssion-product inventory of a 
single particle.
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Ag-110m

Silver has long been known to exhibit 
relatively high release from irradiated 

once released from the core, it can plate 
out on internal reactor piping and result in 

experiment, the total silver release from 
individual fuel compacts could range 
from approximately 0 to 90% during the 
irradiation [11]. Compact 6-4-1 in particular 
was found to have retained 56% of the 

silver in-pile [11].

released from the compact very early in 
the test (most of this was released by the 
end of the initial 12-hour hold at 1250°C). 

behavior is consistent with previous 1600°C 

believed that this represents rapid release of 
the silver that was originally released from 
particles during irradiation, but that was still 
retained in the compact matrix at the end of 

silver was released from the intact particles 
during the remainder of the safety test. This 

relatively low rate of silver diffusion through 
intact SiC at 1600°C.

Cs-137

Cesium behavior during high-temperature 
accidents is extremely important for reactor 
safety because of the potentially high 
contribution to offsite dose by Cs-137. 
Cesium is generally retained well by SiC, 
but is not as effectively retained by the 
dense pyrolytic carbon layers. Therefore, 

cesium release from the fuel can be a strong 
indication of an SiC failure, even if one of 
the pyrocarbon layers in the particle remained 

gases.

The initial inventory on the plates during the 
ramp up to 1600°C was below a fraction of 
10-5 (Figure 6). However, after the experiment 
reached 1600°C, the cesium release increased 
dramatically, reaching a value of 1.3 × 10-4 
(corresponding to approximately one half of 
the inventory of a single particle) with very 
low levels of release after approximately 120 
hours at 1600°C. This behavior is similar to 

is indicative of SiC failure during the test 
with intact OPyC [13]. Therefore, the results 
suggest that one of the particles in Compact 
6-4-1 experienced a SiC failure early in the 
test, but at least one of the pyrocarbon layers 
remained intact as indicated by good krypton 
retention.

Eu-154

Once the furnace temperature reaches 
1600°C, the europium release rate is 
virtually constant for the remainder of 

approximately 2 × 10-3. Based on additional 

compacts, it is unclear whether the level of 
release observed during safety testing is the 
result of europium that was released during 
the irradiation but retained in the compact 
matrix, or europium is being slowly released 
through intact TRISO coatings.

Sr-90

The strontium behavior is generally similar 
to that of europium, although the release 
fractions are approximately an order of 
magnitude lower. The release rate for the 
duration of the test is nearly constant, similar 

fraction is 2 × 10-4.

Post-Safety Test Destructive 
Analysis

Compact 6-4-1 will undergo extensive 
destructive examination that will provide 
additional information on the fuel 
performance at elevated temperatures. The 
analysis will, in general, be similar to that 

compacts [14, 15]. Because Compact 6-4-1 
apparently contained a single particle with a 
SiC layer that failed during the test, it will be 
of interest to locate this particle for focused 
examination to help determine the cause of 
this failure. This can be accomplished by 
deconsolidating the compact to liberate the 
individual particles, and gamma counting 
all ~4,100 particles to locate any that 
have abnormally low Cs-137 inventory, 
indicating loss of cesium during the safety 
test [13]. These particles can then be studied 
using advanced microanalysis  methods 
to examine the state of the coatings and 

layers (especially the SiC layer).

Conclusions

performance testing of irradiated fuel has 

system can heat irradiated fuel specimens 
to temperatures as high as 2000°C in 
pure helium while monitoring the release 

products throughout the test. This is a crucial 
capability for the VHTR Program, because 

temperature accident conditions is a critical 
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excellent performance of the fuel at 1600°C. 
Very little krypton was released from the 
fuel, indicating no failures through all 

cesium release during the test is most likely 
indicative of a SiC layer failure in a single 
particle in the fuel compact. Europium and 
strontium were released from the compact at 
a fairly constant rate during the safety test, 

-3 and 
2 × 10-4 for Eu-154 and Sr-90, respectively. 
The data suggest that diffusive release of 
silver from the particles during the test was 
extremely small.

are planned at temperatures as high as 
1800°C to establish a database of safety test 
performance as a function of fuel burnup, 

These data are essential for developing a 
better understanding of fuel behavior during 
reactor accidents and to qualify the fuel in 
support of licensing a very high-temperature 
gas-cooled reactor.
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Fission Products in Irradiated TRISO-Coated Particles

E -
bide (SiC) layer of irradiated tristructural 

isotropic (TRISO)-coated particles of the 

Laboratory (INL) was obtained using 
advanced electron microscopy techniques 
such as scanning transmission electron 
microscopy (STEM), electron energy-loss 

transmission electron microscopy (EFTEM). 
-

SiC grains. Cadmium was also found in the 

but no palladium was found in these triple 
junctions. Previous work using transmission 
electron microscopy (TEM) diffraction 
patterns indexed the micro and nano-sized 
precipitates as UPd2Si2

was not conclusively found.

as the main constituent of micron-sized 
precipitates present at the SiC grain bound-

palladium-rich precipitates were found 

inside the SiC grains. No silver was found in 

precipitates using these techniques, although 
silver was found on the outer edge of one 
of the Pd-U-Si-containing precipitates that 
was facing the inner pyrolytic carbon (IPyC) 
layer. 

inside the SiC grains and alongside SiC grain 
boundaries provide important information 
needed to understand silver and palladium 
transport in TRISO fuel, which has been the 
topic of international research for the past 

lend credence to the hypothesis generated 

be caused by grain boundary diffusion. 
More work is needed to fully understand the 
transport mechanisms. 

Introduction

products through intact TRISO particles has 
been seen for decades around the world, as 

fuel-irradiation experiments planned for the 

of 2006 and ended in November 2009. The 
relatively high release of silver from some of 

accentuates the need to identify and measure 

6-3-2, analysis indicates that roughly half 
of the individual particles retained less than 

transport mechanism for silver is important 

Fission Products in Irradiated TRISO-Coated Particles

Figure 1. Schematic presentation of a TRISO-coated particle
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because the TRISO coating is part of the 
high-temperature gas-cooled reactor's 
functional containment and is critical for the 
safety strategy for licensing purposes. Figure 
1 shows a schematic presentation of the 
TRISO particle.

 
worker safety concern due to plate-out 
on the cooler metallic parts of the helium 
pressure boundary that can pose a risk for 

studies have been conducted over the past 

the mechanism responsible for silver 
transport have been reached. Recent research 

by grain boundary diffusion [3–7]. It was 
also speculated in previous work [8] that 

forming a separate phase, because they have 
identical atomic radii (both 0.144 nm for the 
pure elements [9]). Van Rooyen et al. [4] 

might not be attributable to a single factor, 
but rather to the combined effect of more 
than one factor.

The initial electron microscopic examination 

electron microscopy, energy dispersive 
spectroscopy (EDS), wavelength dispersive 
spectroscopy, and TEM attempted to identify 

dispersive spectroscopy has much higher 
energy resolution than EDS—so that it 
potentially could distinguish between the 

closest Pd x-ray and only 9.6 eV from the 

using a new silicon drift EDS detector with 
a normal 0-40-keV range, did not yield 
conclusive evidence based on the higher-en-

avoided overlapping problems between U, 
-

zation provided information on the presence 

precipitates were located on the SiC grain 
boundaries within the SiC layer and in the 
IPyC layer [8].

of great interest in TRISO fuel. Past studies 
have shown that Pd can corrode SiC [10-12], 
and it has been postulated to be a potential 
failure mechanism at high burnup in low-
enriched TRISO fuels when temperatures 
exceed 1100°C. Neethling et al. [13] showed 

No penetration of the SiC layer was found 
in the absence of Pd. Results of this study 
(and others) indicate Pd reacts with Si to 
form Pd2Si, and graphite regions form due to 
the carbon remaining (re-precipitated) after 
the formation of the silicides. These studies 

used in these out-of-pile research studies 
are orders of magnitude larger than in the 
actual TRISO-coated particles, which could 
contribute to the different corrosion behavior 
observed compared to those seen in the 

palladium behavior in TRISO fuel is also 
incomplete; therefore, it is further explored in 
this study. 

STEM-EDS, EELS, and EFTEM obtained 
from a selected irradiated TRISO fuel 
particle will be provided and discussed. 

have provided new evidence at both the 
micrometer and nanometer scale that will 

Pd transport behavior in TRISO fuel.

Material and Methods

Material

Because of the importance of silver behavior 

for analysis as part of this study based on the 
degree of silver retention exhibited during 
irradiation. Individual particles from selected 
deconsolidated compacts were gamma 
counted to measure the activity of various 

initial results of the advanced electron 
microscopic examination of Compact 6-3-2 
from Capsule 6 are described here. The 

the stack and position (or level) numbers in a 
particular capsule. Compact 6-3-2 refers to 
the compact in Capsule 6 at Level 3 of  
Stack 2.

Compact 6-3-2 contains baseline fuel that is 
fabricated with coating process conditions 
similar to those used to fabricate historic 
German fuel because of that fuel’s excellent 
irradiation performance with UO2 kernels. 

low-enriched UCO (uranium oxycarbide). 
Kernel diameters are approximately 350 μm, 
with a U–235 enrichment of approximately 
19.7%. Compact 6-3-2 was irradiated to 

burnup, 1070°C time-average, volume-aver-
age temperature; 1144°C time-average, peak 

2.38 × 1021 n/cm2. Based on gamma spec-
troscopy measurements [2], coated particle 

exhibited a higher than average retention 

other particles from the same compact, in the 
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0.787 (i.e., it retained 78.7% of the original 

for the 60 particles analyzed in this compact 
was 0.075 to 0.882. (Please see [2] for 
details).

Methods

The materials used for the coatings on the 
high-temperature gas-cooled reactor fuel 
consist of relatively light elements such as 

characterization studies, easily differentiat-
ing between the pyrolytic graphite and SiC 
coatings, as well as revealing the distribution 

the STEM mode discriminates only differ-
ences in atomic number (so-called Z-contrast 
imaging). This mode is most useful in the 

compositional analysis [14]. 

Compositional analysis of small precipitates 
and second phases using TEM with EDS 
requires two main characteristics: (1) a small 
electron probe (smaller than the feature 

under analysis) and (2) the collection of an 

of the elements present. Technological 
advances in state-of-the-art TEMs have 
made it possible to form extremely small 
probe sizes, particularly in the STEM mode, 
where probe sizes of around 1 nm or smaller 
are possible. In STEM imaging mode, a 
small electron probe is scanned across 
the sample, and an image of the sample is 
built up, pixel by pixel, from information 

the sample. Generally, the time to collect 
an EDS spectrum with high signal-to-noise 
ratio increases as the electron probe size 
decreases. However, when a high-brightness 

electron source, the EDS spectrum collection 
time becomes reasonable. The STEM used 
for the work reported in this paper was 
conducted with a microscope with an FEG 
electron source.

In our strategy to identify silver, another 
analytical tool, EELS, is considered. In TEM, 
some incoming electrons lose energy when 
they travel through the specimen due to the 
inelastic interaction with the specimen’s 
atoms. EELS analyzes the energy distribution 
of these scattered electrons and provides 
quantitative compositional information about 
the nature of the atoms under illumination by 
the electron beam. The transmitted electrons 

are chosen for imaging. In essence, these 

form an elemental map in the imaging mode 
(EFTEM). 

EELS analysis is considered important for 

resolution of elements of interest. In EELS 
analysis, the chemical sensitivity and the size 
of resolvable features could be at 1% and 
smaller than 1 nm, respectively. Moreover, 

energies in an EELS spectrum, which sug-

sample may be detected using the EELS 
technique. The STEM, STEM-EDS, and 
EELS analyses were conducted with an FEI 
Tecnai G2 F30 STEM at the Microscopy and 

irradiated materials can be examined. Thin, 
focused ion beam (FIB)-prepared lamellas 
minimize irradiation dose to a level that 
allows us to use these advanced techniques 

TRISO-coated particles. The specimen was 
prepared at the Electron Microscopy Labo-
ratory at the Materials and Fuels Complex 
of INL using the dual-beam Quanta 3D FEG 
FIB (Figure 3). For this paper, the results 
obtained from examining the FIB lamella at 

detail in [15]. This lamella was extracted 
from a location approximately tangent to 

Figure 2. Numbering scheme for AGR–1 Compact 6-3-2.
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the SiC-IPyC interface and contains parts of 
both the IPyC and SiC layers as shown in 
Figure 3c.

Approach Followed for the 
STEM Examination

STEM examination: (1) the SiC-IPyC 
interlayer, (2) a region deeper inside the SiC 
layer, and (3) another region in the IPyC 
layer farther from the SiC-IPyC interface. 
During these examinations, attention was 
given to the precipitates on the outer edge 
of the SiC-IPyC interface because this is 

products as they move from the IPyC to 
the SiC. Color-coded numbers, shown 

areas examined at the SiC-IPyC interface 
(numbers 1 to 5, yellow color designation), 
the one area further in the SiC layer (number 
6, red color designation), and the one 
area in the IPyC (number 7, green color 
designation). The investigation focused on 
identifying the elemental components in the 
precipitates using EDS line and spot scans 
and on determining the physical nature of 
the precipitates (i.e., inter or intragranular).

Results and Discussion

Identi½cation of Silver 

focusing at the higher energies associated 

Figure 5 shows the presence of silver along 
the grain boundary, leading up to a micron–

predominantly found to contain Pd, U, and 
Si. The EDS line scan is normalized to the 

Figure 3. Images showing the (a) the cross-sectioned, mounted, coated particle AGR1-632-035,  
(b) the FIB lamella position 6b, and (c) the AGR1-632-035-6b FIB lamella consisting of the  
SiC-IPyC interface at higher magni½cation?15A.

Figure 4. STEM Z-contrast micrograph using the HAADF detector showing the three main exam-
ination areas: (1) the SiC-IPyC interlayer (yellow numbers 1 to 5), (2) deeper inside the SiC layer (red 
number 6), and (3) the IPyC layer further away from the SiC-IPyC interlayer (green number 7) ?15A.
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boundaries (marked 1 and 2 in Figure 6), 
leading up to the triple junction (marked 3 
in Figure 6) and in the triple junction itself 
in the SiC layer near the edge of the IPyC. 
The EDS spectrum from the center of this 

interesting to note that Cd, at 23.172 keV in 
Figure 7a, is observed in this triple junction,-
because it had not been found in any other 
grain boundaries or triple junctions analyzed 

not observed in this triple junction, although 

to this triple junction as shown in Figure 7b 
from the EDS line scan through this triple 
junction (marked 3 in Figure 6). 

concentrations of silver. This area contained a 
high density of triple junctions in a somewhat 

EDS line scan was performed along the 
blue line at the triple junction in Figure 8, 
identifying the presence of silver throughout 
this particular triple junction. However, this 

Figure 6. Image showing the HAADF STEM 
image of silver-containing grain boundaries and 
triple junction at the outmost edge of the SiC 
adjacent to the IPyC at area 2 shown in Figure 
4 ?15A. 

Figure 7. Image showing (a) the EDS spectrum, identifying the Ag K peak at 22.162 keV and the presence of Cd in the center of the triple junction 
shown in Figure 6, and (b) the EDS line scan pro½le through the triple junction, indicating the presence of Ag.  Although no Pd is observed in the triple 
junction, Pd and U are identi½ed in the SiC matrix adjacent to this triple junction (Cu is an artifact from the grid holder) ?15A. 

Figure 5. Images showing the (a) the HAADF 
STEM image of a silver-containing grain 
boundary and (b) the EDS line scan con½rming 
the presence of silver in the grain boundary 
leading up to the micron-sized Pd-U-Si 
precipitate ?15A. 
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was not necessarily the case for all triple 
junctions in this area. In fact, only four 

three showed no evidence of silver and two 
others exhibited only possible indications 

concentration) triple junctions appear to be 

grain boundaries and, thus, suggest that grain 

silver transport. Grain and grain-boundary 
character determination between triple 
points where silver was found can provide 
information on preferred orientations for 
silver transport pathways. Transmission 
electron back-scattered diffraction analysis 
of the grain and grain-boundary orientation 
relationships is being planned for this and 
other samples in an effort to understand the 

product transport.

However, the fact that not all triple junctions 
contain silver leads to questions regarding 

the role of grain-boundary type on silver 
transport and collection at triple points. Does 
this mean, for example, that triple junctions 
rich in silver consist of one grain boundary 
capable of easily transporting silver to the 
triple junction and two grain boundaries 

away from the triple junction, thus resulting 
in a silver-rich triple junction? Or is it that 

grain boundary that is capable of transport-

triple junctions may have grain boundaries 
that transport the silver away from the triple 
junction at a slightly slower rate than the 
grain boundary supplying the silver to it? 
Future research work is needed to answer 
these questions. If these questions can be 
answered and future work shows that grain 
boundaries with varying silver transport 
capabilities do exist, the silver distribution 

work to characterize the boundaries is 
required to further understand the potential 
role that grain-boundary character plays in 
silver transport. 

Silver was also found in conjunction with 
coarse palladium precipitates. Figure 9 
shows a palladium and uranium-containing 
precipitate, as indicated by the EDS spectra 
(shown in Figure 9b) taken from the center 
of the bright precipitate. The concentration 

line-scan data, along the white line shown 
in Figure 9a, spanning the IPyC/precipitate 
interface and, again, normalized to three 

found only at the interface between the IPyC 
and the Pd,U-containing precipitate. 

Figure 8. Photomicrograph of Area 3, showing 
the triple junctions analyzed. Junctions found 
to contain or not not contain Ag are indicated, 
while those where the EDS results for Ag were 
ambiguous are marked with ±#² ?15A.

Figure 9. (a) Pd,U-containing precipitate on the IPyC�SiC interface showing the location of the 
EDS line scan in (c)� (b) the EDS spectrum from the interior of the precipitate showing signi½cant 
levels of Pd and U with virtually no Ag present� and (c) the composition pro½le acUuired along the 
white line in (a) shows silver present at the IPyC�precipitate interface only (Cu is an artifact from the 
grid holder) ?15A.
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EELS and EFTEM 

using EELS because their edge energies are 
separated from each other (i.e., Pd M4,5 335 

4,5 367 eV, U N7 381 eV )[16]. 

intergranular phase was found by EDS 
(Figure 7) to verify the presence of silver 
and further investigate its behavior. 

Figure 10a is a zero-loss image of the 
triple-junction area, with the triple-junction 
phase in darker contrast in this image. The 
EELS spectra obtained in a range from 
~230 eV to ~390 eV (Figure 10b) shows the 

(387 eV) at the triple junction of grain 

Figure 10. Zero-loss image of the second phase at triple junction (a) and corresponding EELS 
spectrum obtained at this area (b); EFTEM elemental maps of Ag and Si at this area (c) and (d), 
respectively ?15A. In the EFTEM elemental maps, the lighter region corresponds to the elements 
being analyzed. 

also observed in the spectrum, which likely 
corresponds to Pd M-peak; therefore, this 
area may also contain some small amount 
of Pd.

also obtained at this triple-junction area, 
as shown in Figure 10c and Figure 10d, 
respectively. In the EFTEM elemental 
map, the lighter region corresponds to 
the elements being analyzed. Therefore, 
Figure 10c clearly shows the triple-junction 

this triple-junction area is located at the 
boundary between the SiC and IPyC phases. 
EFTEM elemental mapping was done at four 
locations of the TRISO sample using the 

three-window method at edge energies of Pd 
M4,5 4,5 367 eV, U N7 381 eV, 
C K 284 eV, and Si L2,3 99 eV, respectively. 
Because the edge energies of Pd M4,5

M4,5, and U N7

map might contain Pd information and the U 
-

used only as complimentary information, 
but with further work on the three-window 
energy settings, this may be more conclu-

interest in this research, because it could 
provide a means of showing elemental distri-
bution that would assist in understanding the 
transport of these elements or compounds.

EDS analyses were also carried out for a 

one-half micron away from the triple-

detected (Figure 6 and Figure 10). Figure 

precipitate. EDS area scans (~200 nm × 
150 nm and ~50 nm × 10 nm) both inside 
and at the edge of this precipitate reveal 
that this is a Pd-U-Si phase (Figure 11b). 
Interestingly, sphere-shaped precipitates of 
~10–20-nm size were observed inside the 
SiC grains in locations near the SiC-IPyC 
phase boundaries (Figure 12a), as well as 

precipitates have a lighter contrast than the 

shown in Figure 12a to d. EDS analyses 
(Figure 12e and f) reveal that these nano-
precipitates are Pd-rich phases. Further 
work is needed to identify the complete 
composition and crystal structure of theses 
precipitates.
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Figure 11. A STEM HAADF image of a large precipitate shown in (a) with the EDS area scans (~ 200 nm × 150 nm and 
~50 nm × 10 nm)) both inside and at the edge of this precipitate reveal that this is a Pd-U-Si phase (Figure 10b).  Ag is 
detected at the grain boundary extended from this precipitate (Cu is an artifact from the grid holder) ?15A.

Figure 12. STEM HAADF images showing nanometer-size precipitates (~10 – 20 nm) inside SiC grains (a) at the SiC-IPyC 
interface and (b) approximately 4 μm inside the SiC layer. The corresponding enlargements are shown in (c) and (d).  
The corresponding EDS line scans in (e) and (f) revealed that these precipitates contain Pd (Cu is an artifact from the grid 
holder) ?15A. 
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Conclusions

STEM, EELS, and EFTEM were used to 

products at the micro- and nano-scale in the 
SiC and IPyC layers of irradiated TRISO 

provided evidence of nano-sized silver pre-
cipitates at triple points and grain boundaries 
in the SiC on the edge of the SiC-IPyC 
interface up to a depth of approximately 0.5 

obtained were used only as complimentary 
information, but with further work on the 
three-window energy settings, this may be 
more conclusive. This EFTEM method is of 

could provide a means of showing elemental 
distribution that would assist in under-
standing the transport of these elements or 
compounds. 

grain boundary structure, investigations 
following the silver-containing grain-bound-
ary networks can lead to more clarity on 
the silver-transport mechanism through 
the SiC structure. For example, grain and 
grain-boundary character determination 
between triple points where silver was 
found can provide information on preferred 
orientations for silver-transport pathways. 
EFTEM maps and detailed EELS analysis 
on larger (micron-sized) precipitates will 
provide more compositional detail, while 
atom-probe analysis will provide three-di-
mensional elemental maps. This will greatly 
help to identify and locate the actual atomic 

information will support elucidation of 
transport mechanisms. 

observed in this silver-containing triple 
junction. Cd had not been found in any other 
grain boundaries or triple junctions analyzed 

not observed in this triple junction, although 

this triple junction. 

-
uent of the micron-sized precipitates present 

preliminary studies by Van Rooyen et al. 

spherical precipitates were found inside the 
SiC grains. These nano-sized, Pd precipitates 
were found to be distributed up to a depth of 

IPyC interlayer. No silver was found in the 

precipitates using these techniques, although 
silver was found on the outer edge of one of 
the Pd-U-Si-containing precipitates that was 
facing the IPyC layer. 

In future efforts, transmission electron back 
scattered diffraction is being considered for 
TRISO-coated particle research in parallel to 
electron back scattered diffraction studies on 
irradiated SiC. This technique may provide 
advantages, not only in decreased sample 
preparation time, but in the quality and 
resolution of results needed when studying 

This will also provide a direct means to 
measure the grain characteristics at the exact 

EDS techniques.
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F
supporting irradiated materials character-
ization were implemented to address top 
industry issues. Two of these capabilities 
were (1) a controlled water chemistry loop 

a set of shielded stress corrosion cracking 
(SCC) test systems. These capabilities are 
utilized in a cooperative research program 
between Idaho National Laboratory (INL) 
and the Electric Power Research Institute 
(EPRI) to address irradiation-assisted stress 

regularly cited as a top industry concern with 
regard to lifetime limiting factors for light 
water reactors. 

Introduction

NSUF/industry programs, the EPRI and 

a pilot program involving shared costs 
and responsibilities. The pilot program is 
designed to do the following:

current industry problem.

cooperative research, such as cooperative 

NSUF and industry users

address future research and development 
needs

data with industry, particularly stress-
corrosion crack growth rate (CGR) data.

rates of irradiated high-strength alloys 
used for boiling water reactor (BWR) 
repair hardware as an area of interest for 

irradiated fracture toughness data exist for 
alloy X–750 (Ni-based alloy, Table 1) and 
XM–19 (nitrogen-strengthened austenitic 
stainless steel, Table 2) at the exposure 

1021 n/cm2. Therefore, the focus of this 
EPRI pilot project is on irradiation and 
characterization of these alloys in both 
un-irradiated (baseline) and irradiated states, 
and it is being conducted in three phases. 
Phase I and Phase II of this EPRI pilot 
project have already been completed. Phase 
I entailed fabrication of the EPRI specimens 
from materials provided by EPRI [1]. It 
established the baseline fracture toughness 
and CGRs of unirradiated material. Phase II 
of this project entailed design and fabrication 
of the specimen holders and performance of 
a safety analysis on a test train to meet EPRI 
objectives for irradiation of tensile- and 

Phase III, will entail performing irradiation 
and post-irradiation examination (PIE) of 
the EPRI specimens delivered by EPRI to 

I using the test train hardware developed 
during Phase II.

Background

extensively as materials to repair degraded 
BWR core internals. These materials were 
selected for their high-temperature/high-
strength properties and good corrosion 

operating experience regarding SCC for 
these alloys has been generally favorable 
to-date, there have been some incidents of 
cracking and failures of X–750 that have 
raised concerns regarding its long-term 
viability as a structurally reliable material in 
a BWR environment. 

In February 2006, an upper tie-rod support 
bracket made of X–750—similar to the one 
shown in Figure 1—was found cracked 
during an in-service inspection. The root 
cause of the cracking was determined to 

stress-corrosion cracking in these nickel-
base alloys is the transition from a ductile, 
transgranular fracture mode in an air 
environment to a predominantly brittle, 
intergranular fracture mode in the aggressive 
reactor environment. This recent cracking of 
X–750 highlighted the need for an improved 
understanding of these high-strength 
materials for in-reactor application.
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Figure 1. Inconel X–750 support bracket.

microstructure, the effects of which are 
not understood. SCC resistance of these 
alloys is not well characterized, especially 
in a hydrogen water chemistry (HWC) 
environment. Hydrogen is commonly known 
to promote embrittlement in nickel-base 
alloys, leading to decreases in ductility. 

are located in the annulus between the core 
shroud and reactor vessel and will experience 

if the materials will remain in the reactor 
through 60 years of operation.

Generation of mechanical property data, 
SCC growth rates, and stresses required to 
initiate cracks in these alloys is necessary to 
determine the long-term viability of currently 
installed materials. Such information can also 

be extremely valuable to hardware designers 
in reducing the potential for in-service 
failures. Improvements in fabrication 

hardware.

The EPRI BWR Issue Management Tables 
(BWRVIP-167, Rev. 1) have determined this 
topic to be a high priority. This project is 
aimed at addressing the key knowledge gaps.

Scope of Work

Samples of two alloys of interest to EPRI 
were provided to INL during Phase I of this 

several sections of Inconel alloy X–750 that 
were provided to INL by General Electric–
Global Research Center (GE-GRC). These 
sections were removed by GE-GRC from a 
spare upper support bracket (Figure 1) that 

was purchased from Southern Company 

fabricate all fracture toughness and SCC 
specimens required for the pilot program 

outlined in red in Figure 1. The as-received 
material chemistry is shown in Table 1. The 
material was delivered in the HTH condition, 
which consists of a 35% minimum reduction 
hot roll, solution anneal at 1107°C for 1 hour 
and rapid cool, and aging at 704°C for 20 
hours and air cool.

The second material was comprised of two 
sections of alloy XM–19 that were provided 
to INL by GE-GRC. One of the sections was 
provided in the annealed condition, and the 
other was cold rolled in a large rolling mill 
at GE-GRC to induce a total of 19.3% cold 
work in only two passes. It was decided by 
the project team to use the 19.3% cold-
worked material for the baseline testing 
performed under this Phase I project to 
allow comparison to the effect of neutron 
embrittlement on the annealed material under 
Phase III of this project. It is expected that 
both cold work and neutron embrittlement 
will serve to increase the yield strength of the 
material and reduce its fracture toughness.

During Phase I of this project, thirty 0.4 
T-CT specimens (Figure 2) were fabricated 

Table 1. Inconel X-750 composition.

Al C Nb+Ta Co Cr Cu Fe Mg Ni P S Si Ti Ta ? 

0.77 0.04 0.99 0.726 14.99 0.0151 7.8 0.197 70.8 <0.005 0.002 0.25 2.42 <0.01 0.97 

Table 2. XM-19 (Nitronic 50) composition.

Mo C Nb Co Cr Cu Fe Mn Ni P S Si Ti W ? 

2.17 0.027 0.20 0.016 20.76 0.06 Bal 4.59 12.82 0.014 0.006 0.39 0.001 0.02 0.97 
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Testing and Materials standard dogbone 
tensile specimens (Figure 3) were fabricated 
from each alloy; and approximately 20 
3-mm-diameter transmission electron 
microscopy (TEM) specimens were fabricated 
from each alloy. Of these specimens, six each 
of the 0.4 T-CT specimens, three each of the 
dogbone tensile specimens, and eight each of 
the TEM specimens were retained for baseline 
testing. The remaining specimens were set 
aside for irradiation.

Baseline Testing

baseline mechanical properties, including 
tensile strength, fracture toughness, and 
(SCC CGR under BWR conditions were 
determined. The tensile- and fracture-
toughness tests were conducted in air at 
BWR temperature (288°C), and the SCC 
tests were conducted in simulated BWR 
HWC and normal water chemistry (NWC) 
conditions using newly constructed SCC 
water conditioning and autoclave systems 

Energy Studies. The HWC environment 
is characterized by a temperature equal to 
288°C, under a pressure of 10 MPa; the water 
chemistry is 63-ppb dissolved hydrogen in 
ultra pure water with an electrochemical 
potential equal to approximately -420 mVSHE. 
The NWC environment is characterized 
by a temperature equal to 288°C, under a 
pressure of 10 MPa; the water chemistry is 
nominally 2-ppm dissolved oxygen in ultra 
pure water, with an electrochemical potential 
approximately equal to 275 mVSHE.

In this article, only the alloy X–750 results 
are discussed. INL report, INL/EXT-11-
24173, “Baseline Fracture Toughness and 
CGR testing of alloys X–750 and XM–19 

for additional results. Figure 4 is a typical 
fracture toughness result for the alloy X–750 
tested in air at 288°C and Figure 5 is a 

Figure 2. 0.4 T-CT compact tension specimen used for fracture toughness and CGR testing.

Figure 3. Standard dogbone-type specimen used for tensile testing.

Figure 4. Typical fracture toughness test on inconel alloy X–750 at 288 °C.
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Figure 5. Typical SCC CGR test of inconel alloy X–750 in BWR, NWC, and HWC environment.

typical SCC CGR test result showing both 
NWC and HWC CGR trends. 

In order to establish the most susceptible 
crack growth orientation (for SCC CGR), 
specimens were tested in three orientations 
with respect to rolling direction of the alloy 
X 750 plate. These orientations were S-L, 
T-L, and L-T. Here the S refers to the short 
transverse direction (thickness of plate), 
T refers to the long transverse direction, 
and L refers to the longitudinal or rolling 

to the direction of applied force to extend 
the crack, and the second letter refers to 
the direction of crack growth. Through this 
testing program, it was established that, with 
regard to SCC susceptibility, there was no 
preferential direction; all exhibited similar 
CGR trends. In order to maintain consistency 
with the actual observed material failure, the 
L-T orientation was chosen for all ensuing 
testing.

The measured 0.2% offset yield strength of 
alloy X–750 at 288°C was nominally 714 
MPa and ultimate strength was nominally 
1, 079 MPa. Nominal fracture toughness 
(i.e., JIC) was 160 kJ/m2. SCC CGRs with 
the material exposed to BWR NWC were 
on the order of 5 × 10-6 mm/s and for the 
BWR HWC environment, they were on the 
order of 5 × 10-7

compared well with expected values and 
served as a validation of INL’s capability for 
performing these types of tests.

Figure 6. EPRI test train containing packages of 0.4 T-CT specimens, dogbone tensile specimens, 
and TEM discs packaged inside a 0.4 T-CT blank.
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Test Train Design

is based on a Naval Reactors design for 
irradiation of full-sized compact tension 

design features a zirconium body with a 
low neutron absorption cross section and 
stacking of pairs of 0.4 T-CT specimens, 

coolant in order to maintain a target peak 
centerline temperature of approximately 
288°C. In order to minimize variability in 

specimens were situated in the test trains 
such that they primarily lie within the center 

an overview of the test train and detail of 
specimen packages that are stacked in the 
test train. Figure 7 shows the location of the 

Irradiation and Planned Post-
Irradiation Examination

Three irradiation levels were chosen for 

for in-service components and based on 
expected transition levels for microstructural 
phenomena. These three target levels are 

temperature during the irradiation campaign. 
Capsules EPRI–1 and EPRI–2 utilize short 
(i.e., 5 and 14-day, respectively) cycles in 

trap for two full cycles and will also contain 
several specimens for a Nuclear Regulatory 
Commission work-for-others project.

Figure 7. Location of EPRI test train relative to the ATR ¾ux pro½le. 

Table 3. Target irradiation levels and ATR insertion dates.

Specimen Holder (Experiment) 
Designation Capsule ID

ATR Insertion Approximate Fluence (E>MeV)

EPRI–1 May 2014 (156B) 5.0 × 1019

EPRI–2 March 2013 (153B) 2.0 × 1020

EPRI-3
October 2013 

(155A)
1.0 × 1021

During irradiation, the temperature and 
water chemistry will be controlled in Loop 

INL. The nominal irradiation conditions 

function of the water loop for these 
irradiations is to control temperature, BWR 
conditions are targeted to avoid unnecessary 
corrosion during the irradiation campaigns. 
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Table 4. Nominal irradiation conditions for EPRI experiment.

Design Life 3 Years

Design Temperature

 In-Vessel Portion of the Experiment 325°C

 Target Specimen Temperature 288°C ±8°C

Design Pressure

 In-Vessel Portion of the Experiment 2,150 ± 50 psig

IPT Coolant Flow

 Standard In-Pile Tube Flow Rate (maximum) 80 gpm

 Standard In-Pile Tube Flow Rate (minimum) 20 gpm

Coolant Chemistry

0 - 2,000 ppb

0.1 μS/cm -μS/cm

 Chloride < 200 ppb

Miscellaneous

 pH 7 +0.3/-0.0 

 Nominal Target Fluence (n/cm2)
EPRI-1: 5x1019  
EPRI-2: 2x1020 
EPRI-3: 1x1021

 Center Flux Trap Power 
22-25 MW (nominal) 
44-50 MW (PALM cycle)

 Corrosion Allowance, (corrosion will be based on loop 
 chemistry which will be controlled)

Zero (negligible)

18/year 

Following irradiation, the specimens will 

days and then shipped to the INL Hot Fuel 
Examination Facility in order to disassemble 
and process the specimens. Tensile tests will 
be conducted in the Hot Fuel Examination 
Facility, utilizing the 50-kN capacity Instron 
test frame, following disassembly of the 
irradiation capsules. The compact tension 
specimens will be shipped to the newly 

Materials and Fuels Complex Fuels and 

then be subjected to CGR tests in simulated 
BWR, NWC, and HWC environments 
identical to the baseline test environments 
utilized for Phase I of this project. Fracture 
toughness tests will also be conducted on 
several specimens. The CGR and fracture 
toughness results will be compared to those 
obtained during baseline testing to determine 

susceptibility and fracture toughness. 

Table 5. PIE test matrix for EPRI Pilot Project.

Fluence (n/cm2) # of Fracture Specimens 
(CT Specimens)

# of IASCC Specimens 
(CT Specimens)

# of CT Specimens 
(Backup)

# of Dogbone 
Tensile Specimens

# of TEM 
Specimens

In Air

5.00E+19 2 1 2 4

2.00E+20 2 1 2 4

1.00E+21 2 1 2 4

NWC

Fatigue Precrack

5.00E+19

2.00E+20

1.00E+21

SCC “Precrack”

5.00E+19 1 1

2.00E+20 1 1

1.00E+21 1 1

HWC

Fatigue Precrack

5.00E+19

2.00E+20

1.00E+21 2 1

SCC “Precrack”

5.00E+19 1

2.00E+20 1

1.00E+21 2 1 1

Total 10 6 8 6 12
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In addition to the mechanical testing performed, 
several TEM specimens will be analyzed to 

-
rial microstructure. These results will provide 
insight into the progression of microstructural 
damage as a function of exposure of these 
materials to reactor environments.

Table 5 is an overall post-irradiation exam-
ination test matrix for this project. 

Summary

The EPRI X–750 and XM–19 pilot project is 

project to utilize the recently constructed 

the Materials and Fuels Complex Fuels and 

were completed based on feedback from 

issues with regard to lifetime extension of 

be a demonstration of INL capability to 
contribute relevant data toward mitigation 

to develop the protocol necessary to perform 

with INL as the centerpiece, and will provide 
a baseline for future collaborative research 

participants, and university participants. 
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Laser-Based Characterization of Nuclear Fuel Plates

The integrity of fuel-clad and clad-clad 
bonding in nuclear fuels is important 

for the development of new fuels; however, 
the measurement of bond strengths in actual 
fuels has proved challenging. The laser 
shock-wave technique (LST) originally 
developed to characterize structural adhesion 
in composites is being employed to char-
acterize interface strength in a new type of 
plate fuel being developed at Idaho National 
Laboratory (INL). LST is a non-contact 
method that uses lasers for the generation 
and detection of large-amplitude acoustic 
waves and is well suited for application 
to both fresh and irradiated nuclear fuel 
plates. Initial characterization results are 
reported for fresh fuel plates manufactured 
by different processes, including hot isostatic 
pressing, friction stir welding, and hot 
rolling. 

Introduction

oversees the Global Threat Reduction Initia-
tive, which is tasked with minimizing the use 
of highly enriched uranium (HEU) world-

conversion of research reactors from HEU to 

fuel is being designed to replace HEU. The 
new LEU fuel is based on a monolithic fuel 
meat made from a uranium-molybdenum 

cladding, with thin Zr diffusion barrier 
interlayers between the U–Mo and cladding. 

the need for characterizing bond strengths 
for the clad-clad and fuel-clad interfaces.

based on a rolled U–Mo alloy foil (typically 
0.2 to 0.4-mm thick) that is covered with 
a thin (typically 25-μm thick) Zr diffusion 

a hot isostatic pressing (HIP) process. This 
monolithic fuel has shown promising results 
in irradiation testing.

Monolithic fuel is fundamentally different 
from historical dispersion fuels used in most 
research reactors. The fuel-clad interface has 
a Zr diffusion barrier, producing a complex 
microstructure which evolves over time. The 
mismatch in properties across the interface 
results in localized stresses during fabrica-
tion and irradiation. Similar to dispersion 

fuels, the clad-clad interface in monolithic 

product retention. Even though the new 
HIP manufacturing process produces fuel 
plates that pass traditional ultrasonic testing 
(UT) and bend-test inspections, they do not 
meet the historical criteria for grain growth 
across the interface that was used to qualify 
the previous roll-bonding manufacturing 
process. Therefore, a critical need exists 
to establish new evaluation methods and 

development, and manufacturing process 

Generation Laser

Detection Laser
Velocimeter

Aluminum cladding

Clear Tape

Black Tape

interface I1

(a)

(b)

2X Zirconium Interlayer
AI 6061 Cladding

interface I2
Fuel Meat

U-Mo (Fuel Meat)

Figure 1. Schematic showing the specimen (a) and the geometries for laser shock generation, 
plasma-constraining mechanism, and back surface velocity detection (b).



Nuclear Fuels & Materials Spotlight

32

Monolithic LEU fuel has recently tran-
sitioned from the research phase to the 

-
ments that must be addressed involves 
ensuring that the clad-clad and fuel-clad 
interface strengths within the fuel plates 

throughout irradiation. Measurement of bond 
strengths before and after irradiation will 
provide valuable information in this regard. 
Furthermore, quality assurance requirements 
in the manufacturing process demand that 
suitable inspection and testing techniques 
are available to evaluate interfacial bond 
strengths in as-fabricated fresh fuel plates. 
This report is concerned primarily with 
bond-strength characterization. Since past 
efforts to characterize bond strengths in 
monolithic fuel plates using conventional 
mechanical testing methods have been 
unsuccessful, the LST technique is being 
developed to provide needed capabilities.

LST has been used previously in the mea-
surement of bond strength for thin coatings 
on a substrate [1-2]. For thin-coating 
measurements, a pulsed laser is used to gen-
erate a large-amplitude compression pulse, 
which travels through the specimen as a 

from the free surface as a tensile pulse that 
can debond the coating. Current research 
addresses the characterization of adhesive 
bonding in thicker structures composed of 
carbon-epoxy composite [3]. 

ability to provide a spatially localized mea-
surement without contacting the specimen, 
and with a minimum of specimen prepara-
tion. Since there is no propagation of the 
induced debond outside of the test area, 
the specimen remains intact. Compared to 
conventional testing techniques (e.g., pull 

testing, bend testing, or double cantilever 
-

tages for applications involving radioactive 
materials. For example, nuclear fuel plates 
can be characterized remotely, improving 
operator safety, and fuel remains contained 
within the cladding, avoiding the potential 
for spreading radioactive contamination.

It should be recognized that LST is a high 
strain rate interrogation technique, relying 
on the propagation of waves at the speed 
of sound in the material. The constitutive 
behavior of a material under shock-loading 

-
pared to that observed using quasi-static 
(i.e., low strain rate) testing methods. 

mechanisms are different at such high strain 
rates; therefore, the critical stress necessary 
to create a debond (i.e., the bond strength) 
as measured by LST may be several times 
greater than the values measured by qua-
si-static (i.e.,low strain rate) methods such 
as pull testing [4]. It’s worth noting that 
neither the high strain rate nor quasi-static 
bond strength measurements can be consid-

the strengths measured are representative 

testing conditions used. Therefore, provided 
that the constituent materials and sample 

error and variability in the measurements 
are established for the different methods, 
a consistent basis exists for comparison 
of results, and practical and meaningful 
correlations may be established.

In this research effort, LST has been 
adapted to the characterization of interfaces 
in nuclear fuel plates fabricated by HIP, roll 
bonding, and friction stir welding processes. 
Both clad-clad and fuel-clad interfaces 
have been characterized. The details of LST 

equipment and test methodology for bond 
strength characterization will be discussed. 
Initial bond strength determinations show 
that LST is able to distinguish between 
weak and strong bonds resulting from the 
different manufacturing processes.

Principles and Experimental 
Approach

The laser used to induce shock waves in the 
fuel plates was a Q-switched neodymium 

laser, which generates optical pulses of 
about 10 ns with a maximum energy of 3.5 
J at a 1,064-nm wavelength. The laser beam 
is focused to a beam diameter near 5 mm. 
To avoid surface damage and to increase the 

-
duction [2, 3], the surface of the material 
is covered with an absorbing tape and then 
covered with a transparent constraining 
medium (such as tape), as shown in Figure 
1b. The shock waves generated under the 

atomic displacement rather than laser 
ablation of the sample surface. 

Previous work [2–6] used a liquid con-
straining medium (such as de-ionized 
water). The liquid constraining medium 
works well, but the liquid overspray can 
contaminate equipment and optics, and may 
not be desirable in the hot cell environment; 
therefore, recent work has focused on the 
use of transparent tape. 

The shock-wave source size (roughly the 
laser spot size) needs to be about two times 
the sample thickness (about 1.5 mm) to the 
approximate one-dimensional (1-D) wave 
propagation. Under the 1-D approximation, 
shear stresses are neglected and the shock 
wave is primarily planar and compressive. 

by the back surface of the plate and con-



33

 
Laser-Based Characterization of Nuclear Fuel Plates

verted to a tensile wave; tensile stresses are 
responsible for debonding at the interface. 

The resulting stresses developed in the 
material may be the result of several 

from the back surface. Previous results 
[5, 6] discussed a strategy to account for 

the specimen. In this paper, the simplifying 
assumption is made that the shock-wave 
energy reaching the backside is fully 

the discussion and the resulting approxi-
mate stresses are adequate to illustrate LST. 
Bond strength is determined by increasing 
the laser pulse energy step by step. The ulti-
mate stress value is imposed at the interface 
when debonding is imminent. To limit the 
cumulative effects of plastic deformation 
in the material, a single shock is applied at 
each shock location. Because shock waves 

material that has been subject to prior 
plastic deformation. Thus, plastic effects 
can occur during a single shock event. 

Because of the intractable nature of a 

plasma, optical energy of the source laser 
is not an accurate predictor of shock-
wave stress. The back surface velocity 
is a more accurate representation of the 
stress imparted to the specimen. The stress 
estimate based on the back surface velocity 

detailed stress estimates may be obtained, 

from the different layers within the fuel 
plate in Equation (1) or by numerical 
simulation of the shock wave propagation. 
These approaches are the subjects of future 
investigation.

The stress is indirectly calculated from the 
measured back wall surface velocity, which 
is recorded by an optical velocimeter, based 
on a solid Fabry-Perot etalon (see Figure 
1b). The velocimeter laser is a long pulse 

wavelength. Details of the etalon interfer-
ometer have been described elsewhere [7].

measured bottom surface velocity is 

stress wave responsible for creating 
internal interface debonds. By ignoring 

assuming elastic, 1-D wave propagation 
and no attenuation, the measured bottom 
surface velocity, uB, is related to stress at 
the bottom surface, B
relation given by Equation 1:

   B = vuB   (1)

where v
(measured experimentally to be 6,440 m/s) 
and 

Laser ultrasonic imaging of the specimen 
prior to and after the laser shock are used to 

to determine the depth of the debond (i.e., 
to determine at which internal interface 
the failure occurred) [3]. These ultrasonic 
inspections are performed using another 
laser-based experimental technique, where 
generation and detection laser beams are on 
the same surface (pulse-echo mode), super-
imposed with diameter sizes of about 1 mm 
and 0.5 mm, respectively. The step size of 
the scan is approximately 0.5 mm in the x 
and y directions on the sample surface. The 

at 532-nm wavelength with a full width 

at half maximum of 10 ns. The detection 

operated at a 1,064-nm wavelength and a 
photorefractive interferometer. The laser 
ultrasonic inspection is performed without 

conventional ultrasonic C-scan.

Experiments and Results

LST has been performed on fuel plates 
fabricated by three different clad bonding 
techniques: HIP, roll-bonded, and friction 

to introduce the technique and the data 
processing/display methods used to charac-
terize the shock locations in the specimen. 
Data obtained from the three fuel plate types 
are used for comparative purposes.

LST performed on a HIP fuel plate con-
taining a stainless steel surrogate fuel foil 
is shown in Figure 2a. This particular plate 
was made using Neolube as a parting agent 
(i.e., to keep the plate from bonding to 
the spacers in the HIP assembly), which 
was being investigated as an alternative to 
the Grafoil parting agent that is currently 
used today. The Neolube approach was 
abandoned because Neolube was thought to 
have contributed to weakening of interfacial 
bonds. Circular features on the fuel plate 
(Figure 2a) show locations of laser shock 
testing. Dark black locations indicate areas 
of debond.

Figure 2b shows ways in which the data 
are displayed to characterize the effects 

ultrasonic signals taken at a single location. 
The B-scan images are a water fall plot of 

generated while the specimen is being 



Nuclear Fuels & Materials Spotlight

34

A-Scans C-Scan B-Scan: Y axis

B-Scan: X axis

(a)

(b)

A-Scans C-Scan B-Scan: Y axis

B-Scan: X axis

Back
surface

Figure 2. The laser shock locations being characterized are shown in the conventional ultrasonic 
C-scan (a). The laser ultrasonic processing necessary to characterize the laser shock locations is 
displayed (b). Signals at cursor location show good bonding and thinning of plate near the edge of 
the cladding (B-scan: X axis image).

Figure 3. The three types of ultrasonic scans that are displayed show damage at laser-shock 
Location 1. The damaged interface adds a re¾ected return signal closer to the surface and keeps the 
back surface from receiving ultrasonic energy, hence the break in the back-surface echo line.

B-scans emphasize relative timing and mag-

emphasize geometry and relative magnitude 
of return signals.

The blue cursor shown in the C-scan image 
of Figure 2b rests on a well-bonded region 
in a clad-only area. The B-scan images 
show contiguous lines formed from multiple 

indicates that the plate thickness is decreas-
ing as the edge of the plate is approached. 

the affected areas. The images in Figure 2b 
provide the baselines for comparison.

Figure 3 shows the resulting signals when 
there is a debond in the clad-clad interface. 

in a well-bonded region. The B-scans also 

debonds that are distinctly different from the 
well-bonded areas.

Figure 4 shows the resulting signals when 
there is a well-bonded fuel-clad interface (a) 
and a debonded fuel-clad interface (b). In 
all cases, the fuel-clad interface complicated 
the resulting images. The debonded images 

a signal inversion from the fuel-clad debond 
in the debonded images (Figure 4b). The 

inversion in the return signals when com-
pared to the red baseline signal.
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Figure 4. Laser C-scan data that show the signal over a well-bonded region (b) and over a 
damaged location from laser shock (c). In the expanded A-scan graph (middle image) for the damage 
location (c), the ½rst and third arrivals are inverted. The red signal is the baseline from a well-bonded 
region. Signal inversion is clear evidence of debonding and re¾ection from a free surface.

Figure 5. This roll bond process created a weak clad-clad interface as shown by the blister in the ultrasonic C-scan image 
(a). Laser ultrasound images indicate the presence of debonds at the laser-shock locations. The cladding interface strength 
appears to grow stronger above the blister because the interface at shock Location A remained intact. 

has been tested and the results are shown 

the traditional C-scan image. The presence 
of the blister indicates that the clad-clad 
bonding may be weak. LST suggests that 
bonding improves in the section of the plate 
away from the blister because the laser-

The results from testing a HIP fuel plate with 
a DU–10Mo fuel foil is shown in Figure 6. 
The images show that Location 8 is close 
to the debonding threshold. Damage at 

but the signature is not similar to a classic 
debond signature, as shown in Figure 4b. 
It is assumed that incipient debonding has 
occurred in laser-shock Location 8.
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Friction stir-welded plates have also been 
tested. The fuel cladding interface can be 
debonded just as in the HIP examples shown. 
However, the clad-clad interface could not 
be failed as in the case of the clad-clad 
bond on the HIP fuel plate containing the 
DU–10Mo foil. 

Discussion

LST has shown the ability to debond weak 
clad-clad and all fuel-clad interfaces. 
The weak clad-clad interfaces have been 

-
facturing processes. For all manufacturing 
processes, the fuel-clad interface has been 
successfully debonded using the LST 
system. This is not surprising because the 
fuel-clad interfaces comprise dissimilar 
materials that result in brittle interaction lay-
ers and residual stresses and may, therefore, 
be expected to exhibit lower strength than 

system has not been able to debond a well-
formed clad-clad interface. In such cases, it 

is only possible to conclude that the interface 
strength is greater than the maximum stress 
value imposed during the test. The con-
straining technique used in the present study 
is adequate for fuel-clad characterization; 

-
anism may need to be developed for future 
clad-clad testing if it is to be used beyond a 
go vs. no-go type of test.

Table 1 is a summary of the interface 
strength characterization for clad-clad and 
fuel-clad interfaces in several fuel plates 
made by the different manufacturing 
processes investigated. Even though the 
constraining mechanism and maximum laser 
power are nominally identical for the dif-
ferent fuel plates, the maximum achievable 

This behavior is consistent with observations 
made during testing on homogeneous 6061 
aluminum alloy samples having various tem-
per (Table 2), where it was observed that, for 
identical laser shock conditions, the softest 
temper (6061-O) produces a higher back 

Partial reflection indicating damage

8

8

Figure 6. The results for fuel-cladding interface in a fresh fuel plate with a Du-10Mo foil is shown. B-scan imaging shows the beginning of damage 
(i.e., incipient debond) at laser-shock Location 8.

surface stress than hardened alloy (6061-T6). 
Thus, the magnitude of the stress induced by 
the LST will be material dependent.

The stainless steel clad interface in the HIP 
plate has interface strength more than two 
times the strength in the HIP plates with 
uranium fuel. The clad-clad interfaces in the 
stainless steel HIP and roll-bonded plates 
have a debonding threshold exceeding the 
maximum stress obtainable using the current 
constraining medium.

-
tion in the aluminum alloy, which results in 
work hardening. The plastic deformation has 
similar effects on the wave propagation char-
acteristics as tempering, as shown in Table 
2. The LST converts an as-received 6061-O 
specimen into material that has post-shock 
elastic properties similar to 6061-T6.
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Conclusion

The successful development of LEU mono-
lithic fuel for research reactors requires a 
technique to characterize the strength of clad-
clad and fuel-clad interfaces in both fresh and 
irradiated fuel plates. LST is currently being 
developed for this purpose. Currently, scop-
ing studies are being performed to look at a 
variety of clad-clad and fuel-clad interfaces 
in fuel plates made using HIP, roll-bonded 
and friction stir welding bonding processes. 
Test procedures and data analysis methodol-
ogies are being developed to measure bond 
strength. During procedure development and 

gain a better fundamental understanding 
of LST effects on various materials and 

strength can be determined by measuring 

Table 1. Debonding threshold measurements for clad-clad and fuel-clad interfaces in various 
fuel plates made by different manufacturing processes.

Specimen Clad-clad threshold (MPa) Fuel-clad threshold (MPa)

HIP plate with stainless 
steel foil using Neolube 

parting agent

1,850 1,400

Roll-bonded dispersion 
plate

1,500–1,600 no fuel-clad interface

HIP DU-10Mo fuel foil >1,600 548

HIP LEU-10Mo fuel foil >2,000 626

Friction stir welded 
cladding

>1,630 NA, no fuel

Table 2. Residual plastic deformation caused by the LST in 6061-0 results the treated locations 
having similar ultrasonic properties as 6061-T6. 

6061-0 as received: 6061-0 after laser shock:

 
 - Thickness 1.574 mm 
 - Speed 6.448971 m/s 
 - STD 0.002798 m/s

 
 - Thickness 1.5507 mm 
 - Speed 6.442015 m/s 
 - STD 0.003011 m/s

 
 - Thickness 1.5653 mm 
 - Speed 6.407069 m/s 
 - STD 0.003098 m/s

6061-T6 as received:

 
 - Thickness 2.245 mm 
 - Speed 6.38419 m/s 
 - STD 0.004385 m/s

back surface velocity corresponding to the 
debond threshold. LST data reported here 
show that interface strength can be suc-
cessfully measured for fuel-clad interfaces. 
Measurement of bond strength for clad-clad 
interfaces will require the development of 

generate larger stresses within the material. 
However, LST has shown the ability to detect 
weak clad-clad interfaces.

Article previously published in the “40th 
Quantitative Nondestructive Evaluation 
(QNDE) & 10th International Conference on 
Barkhausen Noise & Micromagnetic Testing 
(ICBM) Conference,” Denver, CO, July 
21-26, 2013.
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Radiation-induced microstructure evolu-
tion in UO2, including radiation swelling 

fuel performance and can eventually result 
in fuel failure. Traditional fuel performance 
codes consider these microstructure effects 

While these empirical models accurately 
predict material behavior within tested 
conditions, they cannot predict the behavior 
outside of those conditions. In order for 
a fuel performance code to be predictive 
in a range of operating conditions, it must 
consider atomistic and microstructure 
effects. Here, we present the multiscale 
methodology that is the basis of the 

of fuel performance codes under develop-
ment at Idaho National Laboratory (INL). 
MOOSE, the Multiphysics Object-Oriented 
Simulation Environment, is the basis of the 

BISON fuel performance code. Here, we 
show how atomistic simulations are used 
to develop quantitative models of the effect 
of radiation damage on microstructure in 

material constitutive models are developed 
for use with BISON. This approach is 
demonstrated by developing a model of 

gas bubbles on the effective GB thermal 
resistance.

Introduction

Microstructure changes that occur within the 
fuel during reactor operation dominate its 
performance. Radiation damage at the  

-

tion and point defect generation. This leads 
to the formation of microstructural features 

product precipitates. These microstructural 
changes drastically alter material properties 
such as thermal conductivity, yield stress, 
elastic constants, volumetric swelling, and 
more. These effects result in the decrease 

failure.

Fuel performance codes have been created 
to predict behavior of the fuel to improve 
reactor design and decrease fuel failures. 
These codes do not represent the effects of 
radiation-induced microstructure evolution 

experimental data. Such codes have proven 
very valuable in the design and maintenance 

However, new safety concerns and global 
energy requirements necessitate the design 
of new advanced reactors that go above and 
beyond current light water reactors. The 
design of new innovative reactors requires a 
more predictive fuel performance modeling 

current fuel performance codes and empiri-
cal materials models.

In the U.S. Department of Energy Nuclear 

developed to provide a more predictive fuel 
performance modeling capability. These 
codes, under development at INL, take 
advantage of modern code architectures to 
model a range of fuel geometries and fuel 
types using lower-length, scale-informed 
materials models. These codes are called 

MBM.

In this paper, we provide an overview of 
fuel performance model development that 
is being carried out at INL as part of the 

of atomic-scale simulations conducted at Los 

materials models. We begin by summarizing 
the overall MBM effort. We then go into 
detail about the MOOSE, BISON, and 

our multiscale material model development 
and give an example.

MOOSE-BISON-MARMOT 
Overview

The goals of our development efforts were 
threefold: 

1. Take advantage of modern code architec-
tures, numerical methods, and paral-

that is easy to develop and that can be 
run on desktop computers and massive 
supercomputers

fuel types and geometries, including the 
contact between the fuel and cladding 
(one-dimensional [1D], two-dimensional 
[2D], and three-dimensional [3D])

3. Use atomistic and microstructure model-
ing to develop physically based materials 
models that describe radiation-induced 
microstructure evolution.

required a hierarchical development 
approach involving three code projects. 
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The MOOSE framework is the basis of the 
simulation tools and provides the advanced 

goal. The BISON fuel performance code 
was created using the MOOSE framework 
and accurately represents the macroscale 
fuel behavior, as stated in our second goal. 

was also built using the MOOSE framework. 

results to model the microstructure evolution 
within the fuel, providing data needed to 
develop the materials models required by our 
third goal.

The MOOSE Framework

numerical framework that is the basis of both 

detail, it is a parallel computational frame-
work for enabling the solution of complex, 
fully implicit multiphysics systems using the 

complex analysis tools to be built rapidly by 
scientists and engineers, while also allowing 
them to take advantage of current high-per-
formance computing architectures and 

designs. It has been used to solve complex 
systems of equations from subjects ranging 
from chemical reactions and transport to 

been utilized in many nuclear applications, 
including nuclear fuel performance and 
optimization, pebble bed reactor design, 
neutronics, CRUD deposition, thermal 
hydraulics, hydride formation, and full 
reactor core analysis.

The user-facing interface to MOOSE 
uniquely combines recognized computer 
science techniques with a consistent 
underlying mathematical description to 
allow scientists and engineers to develop 
engineering simulation tools in a relatively 
short amount of time. To add new physics 

to a MOOSE-based application, users write 
actual C++ code (typically only a few lines, 
employing very simple syntax), rather than 

or a complex, templated, meta-programming 
system. MOOSE has simple interfaces for 

equations (PDEs), boundary conditions, 
material properties, post-processors, etc. 

and 3D simulations. In addition, MOOSE 
applications can be run on one processor or 
on thousands of processors, without requir-
ing the user to write any code for parallel 
communication.

In addition to allowing for easy implemen-
tation of physics models, MOOSE has an 
extended library of existing physics that can 
be used in any MOOSE-based application. 
This library provides access to a large 
selection of physics without the user having 
to write any additional code.

codes discussed below, many other appli-
cations have been created using MOOSE. 
For example, PRONGHORN [2] is a 
neutron diffusion code coupled to porous 

models chemical reactive transport in porous 

geomechanical systems fully coupled to 

The BISON Fuel Performance 
Code

-
mance code and has been under development 

BISON is built on the MOOSE framework 
and has been built to model 2D-axisym-
metric and 3D nuclear fuel performance 
problems [5]. Currently, it is being used to 
model light water reactor fuel, TRISO fuel, 
metal annular fuel, and metal plate fuel.

The BISON governing equations consist 
of fully coupled PDEs for energy, species, 
and momentum conservation. The energy 
balance equation is given in terms of the heat 
conduction equation

 (1)

where T, , and Cp are the temperature, 

Ef 

 (2)

where k is the thermal conductivity.

Species conservation is given by

  (3)

where C, , and S are the concentration, 
radioactive decay constant, and the source 
rate of a given species, respectively. 

migration of a species in a temperature 
gradient.

Momentum conservation is prescribed 
assuming static equilibrium at each time 
increment using Cauchy’s equation

 (4)

where  is the Cauchy stress tensor and f is the 
body force per unit mass. The displacement 
vector u, which is the primary solution variable, 

through kinematic and constitutive relations.

and material behavior in the fuel is typically 
represented with empirical or semi-empir-
ical relations that have been obtained by 
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accurately represent the material behavior in 
typical reactor conditions, but they are not 
accurate for new fuel types or in accident 
conditions. Many of these empirical models 
have been implemented in BISON; see [5] 
for a detailed description of these materi-
als models. Using these models, various 
experimental validations have been carried 
out, with good results.

To demonstrate the capabilities of BISON, 
we show a 3D BISON result taken from [6]. 
Manufacturing defects known as missing 
pellet surfaces (MPS) in fuel pellets cause 
conditions that can potentially lead to 
cladding failure. To demonstrate the 3D 
capabilities of BISON, we show results from 

simulation, the defect is 0.25-mm deep and 
in the second it is 0.5-mm deep. The simu-
lations predicted the behavior of the rod for 
2.5 years in typical pressurized water reactor 
conditions with a zircaloy-4 cladding. The 
simulations were run using 160 processors 
and took 11 hours to complete.

The distance between the pellet and the clad 
is much greater adjacent to the MPS defect 
than for undamaged pellets. This causes a 
dramatic decrease in the conductance across 
the gap and a corresponding decrease in heat 
transfer between the pellet and clad adjacent 
to the defect. Therefore, the temperature is 
elevated in the fuel near the surface with 
the defect, as seen in Figure 1(a). Because 
of the higher fuel temperature, the cladding 
temperature is elevated around the boundar-
ies of the defect, where the gap conductance 
is unaffected by the defect, as shown in 
Figure 1(b), which shows just the clad, with 

-
diately adjacent to the defect, the cladding 

because of the lower gap conductance.

MARMOT Mesoscale  
Modeling Code

Though radiation damage begins at the 
atomistic scale, with collision cascades and 

material behavior results from changes in the 
microstructure. The microstructure domain 
is commonly called the mesoscale and 
falls between hundreds of nanometers and 
hundreds of microns.

events and collision cascades are constantly 

within the UO2 fuel. These defects migrate 
and eventually cluster, forming voids, 
interstitial loops, and bubbles. Small bubbles 
form within the grains, but much larger 
bubbles form on the grain boundaries (GBs). 
Gradients in stress and temperature also have 
large effects on this evolution. This damage 
degrades the thermal conductivity and leads 

to swelling. In addition, the GB bubbles 
eventually interconnect and form pathways 
to free surfaces so the gas can enter the gap 
between the fuel and clad.

-
ulations of this microstructure evolution 
at the mesoscale. To capture all necessary 
physics, three main types of equations are 

PDEs is solved using FEM with the MOOSE 
framework [7].

features are represented with continuous vari-
ables that are evolved with a system of PDEs. 
Conserved variables that represent things 
like vacancy or gas atom concentrations are 
evolved with a Cahn-Hilliard equation

 (5)

Figure 1. Temperature at end-of-power ramp in 3D MPS BISON simulations (taken from ?6A).
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where ci is the conserved variable, Mi is the 
mobility, and F is the free energy functional 
that represent the Gibbs free energy as a 
function of the various variables. Non-
conserved variables, representing things 
like grains or phases, are evolved with an 

 (6)

where i is the nonconserved variable and Li 
is the mobility. For more information about 
the free energy functional and the solution 
of these equations with FEM, see [7]. The 

large range of microstructure evolution [8], 
including radiation damage [9].

The mesoscale mechanics of the fuel are 
modeled with Equation (4), where the con-
stitutive model is treated as linear elastic, but 
with an anisotropic single crystal elasticity 
tensor. The elasticity tensor is a function 
of the grain orientation and the presence of 
voids or bubbles. Lattice strains from defects 
and pressure within the bubbles are repre-
sented with a stress-free Eigenstrain. Heat 
conduction is described with Equation (1), 
but the thermal conductivity varies spatially 

describing the microstructure. 

relies heavily on information obtained with 
atomistic calculations. First, many of the 
mechanisms with which the microstructure 
evolves are not well known, especially under 
irradiation. Therefore, atomistic calcula-
tions, both with density functional theory 
and molecular dynamics (MD), are used 
to explore the critical mechanisms, which 

models. In addition, atomistic calculations 
are used to determine critical parameter 
values that are needed for the simulations 
that are not available experimentally. Once 

-
MOT can model a large range of materials, 
including both fuel and cladding.

-
MOT with a simulation taken from [7] 
investigating the impact of void formation 
on the bulk thermal conductivity. In this 
simulation, a cube of UO2 is irradiated, 
resulting in the formation of gas bubbles. 
The bubble nucleation was modeled with a 
single conserved variable describing the con-
centration of vacancies within the material. 

vacancies created by a collision cascade. In 

conduction simulation was coupled to probe 

how effectively the evolving microstructure 
conducted heat. From this, the effective 
thermal conductivity was computed.

along with temperature isosurfaces, showing 
the effect of the voids on the temperature 

nucleation period, voids begin to form, 
resulting in a rapid increase in porosity (see 
Figure 2(b)). Once the nucleation of the 
voids is complete, the rate of increase of 
the porosity decreases slightly as the voids 
continue to grow. The effective thermal 
conductivity of the material slowly drops as 
the vacancy concentration increases in the 
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Figure 2. Simulation results showing the effect of void formation on thermal conductivity. The ½nal 
void structure with temperature isosurfaces is shown in (a). The porosity is shown with time in (b) 
and the change in the effective thermal conductivity is shown in (c) (taken from ?7A).
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material (Figure 2(c)). However, once voids 
begin to form, the thermal conductivity 
begins to drop much faster. Once the voids 
stop nucleating and only grow, the drop in 
thermal conductivity slows.

Multiscale Material Model 
Development

To create a predictive fuel performance 
code requires materials models that are not 
completely tethered to the existing sets of 
experimental data. We need models that 
are still accurate in accident conditions, 
where tests have not been conducted, and 
for new conditions and fuel types. In our 

results compliment experimental data in the 
development of materials models. When 
possible, mechanistic materials models are 
developed that only use data for calibration 
and validation. However, when a mechanis-

experimental data.

-
MOT models must be well validated against 
experimental data. This effort is just begin-

obtaining data at the length and time scales 

strides have been made in post-irradiation 
examination and in development of separate 
effects tests that look at individual aspects of 
the microstructure evolution. 

We demonstrate our multiscale model 
approach here by developing a model of the 

thermal resistance of GBs within the fuel 

approach could be applied to investigate 
thermal conductivity in the cladding, but is 

model used in the BISON code (from [11]) 

bulk of the material, as well as the bubbles 
on GBs. While both types of bubbles directly 
impact the thermal conductivity of the fuel, 
the empirical model for thermal conductivity 

gas model to the thermal conductivity 
model. Here, we developed a coupled model 

fuel thermal conductivity.

the impact of both inter- and intragranular 
gas bubbles on thermal conductivity [13]. 
The model takes the form of multipliers that 
combine with the model from [12],  
(i.e., k  in GB kUO2), where the impact of 
intragranular gas bubbles in is determined 
with the traditional Maxwell-Euken formula 
t[14]:

 (8)

where p is the porosity and  is a multiplier 
that considers the shape of the bubbles. 

However, for the intergranular gas bubbles, 
we use an equation that considers the impact 
of the GB thermal resistance:

 (9)

where d is the grain size and R’k is the 
effective GB thermal resistance, which 

on the GB using the percentage of the GB 

coverage Xc
GB.

In [13], the model of the effective GB 
thermal resistance, as a function of the grain 

from mesoscale calculations of bicrystals. 
Here, we use multiscale modeling to develop 
a mechanistic expression for the effective 

UO2.

a. Atomistic simulations

particular to UO2

resistance of clean GBs in UO2. This 
information has never been obtained 
experimentally, thus we rely on atomistic 
simulations. MD calculations on four types 
of GBs were conducted using the Basak 
potential [15] at three different temperatures. 
The results are found in Table 1. 

Table 1. GB Thermal Resistance in UO2, from ?10A.

GB Type

Rk (×10-9 m2 K/W)

300 K 800 K 1500 K

5 sym. tilt 1.69 1.14 0.92

5 tr. tilt 1.08 0.83 0.60

5 tr. twist 1.38 0.86 0.63

Random 1.48 0.87 0.66
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b. Mesoscale MARMOT simulations

With the GB thermal resistance, we are 
ready to investigate how the presence of 
bubbles on the GB contributes to thermal 
resistance. If we consider a straight bound-
ary with several bubbles, it is reasonable to 
consider the system as two thermal resistors 
in parallel, in which the combined thermal 
resistance is

 
(10)

where AGB and Abub are the areas of the GB 
and bubble, respectively, and Rbub is the ther-
mal resistance of the bubble. The resistance 
of the bubble can be calculated from Rbub 

= dbub/kgas, where dbub is the diameter of the 
bubbles and kgas = 0.00565 W/(mK) [16] is 
the thermal conductivity of Xe gas at 300 K. 
If we assume the GB bubbles are rectangular 
(though in reality they are lenticular) their 
area can be determined from

 (11)

per unit length of GB. The area of the GB 
can be determined from 

 (12)

per unit length of GB. However, the value 

because for thermal resistance GBs are 

contrast to our diffuse GB representation. 

clear for straight boundaries perpendicular 

is for a polycrystals in which GBs can be at 
various angles.

To determine the value for dGB and what 
changes may be necessary for polycrystals, 
we conduct a series of mesoscale heat 

code. To determine the effective GB thermal 
resistance in each simulated microstructure, 
a mesoscale heat conducted simulation is 

Tf 
= 800 K is applied to one boundary and a 

qf = 5.0×106 W/m2 to the opposite 
boundary. The local thermal conductivity 
varies spatially, where in the bulk kUO2 = 
4.75 W/(mK) [17], in the bubble the thermal 
conductivity equals kgas and in the GB, 
values are used consistent with GB thermal 
resistances of Rk = 1.0×10-9, 5.0×10-9 and 
1.0×10-8. With these conditions, the tempera-
ture throughout the domain is determined 

the steady-state form of Equation 1, where 

the change in temperature with time and the 

microstructures used in our simulations are 
shown in Figure 3(a) and an example of the 

The average temperature on the opposite side 
of the domain T0 is then used to estimate the 
effective thermal conductivity according to

 (13)

where l is the side length in the direction of 

the microstructure R’K is calculated from the 
effective thermal conductivity with

 (14)

Figure 3. Mesoscale heat conductions simulations, where (a) shows examples of the simulation 
domains shaded by thermal conductivity, and (b) is a plot of the temperature vs. x position in the 
seven grain polycrystal along line AA (labeled in (a)). Figure taken from ?10A.
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dGB for each set of 
bicrystal simulations, our model matched 

values for dGB, shown in Table 2, were 
close to the values for the Kapitza length, 
lk = Rk kUO2, but not exact. We suspect this 
is because we are using a diffuse interface 
model to predict values for a model that 
assumes a sharp interface.

From our mesoscale simulations, we found 
that the two polycrystals behave similarly, 
but they had a higher thermal resistance 
than the bicrystal. This is because the 
bubble-laden GBs are often not parallel to 

-
crystals, we double the value of the bubble 
area to account for the increased amount of 
bubbles in the system. With this correction, 
our model compares well to polycrystal 
mesoscale simulation results (see Figure 4).

We conducted additional seven-grain 
polycrystal simulations using the values for 
the GB thermal resistance calculated with 
MD simulation in the previous section to 
determine the corresponding values for dGB. 
From the simulations, it is clear that the type 

on the values of the effective GB thermal 
resistance, using the values for both T = 
800 K and 1500 K (Figure 5). Therefore, 
for our UO2 model, we used the values for 
the symmetric tilt boundary at 800 K, which 
gave a value of dGB = 4.0 nm.

Figure 4. Model of the effect of GB coverage on the effective thermal resistance, where (b) is 
zoomed in on the section from (a) marked with dotted lines. In the plots, the dots show data from 
our bicrystal simulations: the plus signs from the four-grain hexagonal polycrystal and the diamonds 
from the seven-grain polycrystal. The lines show the values predicted by the model, where the dashed 
lines are for the bicrystal and the dot-dashed line are for the polycrystals. Taken from ?10A.

Figure 5. Model of the effect of GB coverage on the effective GB thermal resistance using the 
MD-determined values for the GB thermal resistance. Note that the GB type has little effect on the 
effective GB thermal resistance for both 800 and 1500 K. Figure taken from ?10A.
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Table 2. Values for the GB distance dGB determined by ½tting to the mesoscale data. Note that 
the Kapitza length lk is also shown, for reference, from ?10A.

Rk (×10-9 m2 K/W) l  (nm)  (nm)

1.0 4.85 4.0

5.0 24.49 15.0

10.0 50.84 25.0

(a)

(a)

(b)

(b)
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c. Macroscale BISON Simulations

With our mechanistic model developed with 
atomistically informed mesoscale simula-

gas/thermal conductivity model in BISON. 
Our simulations employed all of the materials 
models summarized in [5], with one change: 

model from [13] by replacing the multiplier 

gas thermal conductivity model. Note that 
our model did not capture all contributions 
to the reduction in thermal conductivity from 

in the model will be made in the future that 
will add in the missing contributions.

We then used the model in 10-pellet rodlet 
simulations with typical pressurized water 
reactor conditions to predict the behavior 
after two years in the reactor. The rodlet 
geometry is represented in 2D by taking 
advantage of axisymmetry, as shown in 
Figure 6. For each example shown in this 
section, we compared the simulation results 
to those from an identical simulation, except 

the thermal conductivity from our new 
model was set to zero. Thus, by comparing 
the two simulation results, we could easily 
observe the impact of our model on thermal 
conductivity. We conducted the simulations 
with four different average grain sizes, to 
see the impact of grain size on fuel behavior. 
Figures 6(a) through 6(c) show the change 
in GB coverage, intragranular porosity, and 

over time at the center of the fuel rodlet 

decreased, GB coverage behavior (Figure 
6(a)) was unchanged, showing that in the 

density of gas on the GB is unaffected by 
grain size. However, the total amount of 
gas on the GB did increase, because there 
was more GB area with a smaller grain size, 

which resulted in a decrease in the intragran-
ular porosity (Figure 6(b)) and an increase 
in the amount of gas that is released (Figure 
6(c)). 

Though GB coverage is insensitive to the 
grain size, the impact of GB coverage on 
thermal conductivity increases with decreas-
ing grain radius (as shown in Figure 6(d)). 
The temperature difference due to our model 
also increases with decreasing grain radius 

due to changes in the fuel thermal conduc-
tivity (Figure 6(e)). In order to illustrate the 

we also plot the temperature (rather than the 
temperature difference) at point 1 (Figure 
6(f)). There is an increase in temperature due 
to decreasing grain radius. However, only 
part of the increase is due to the decrease in 

-
sion gas release (Figure 6(c)), which lowers 

Figure 6. Results from the grain radius study at point 1 where (a) shows the change in grain 
boundary coverage over time, (b) shows intragranular porosity over time, (c) shows the percent of 
the ½ssion gas that was released vs. time, (d) plots the change in thermal conductivity due to our 
ISV model over time, (e) plots the change in temperature over time, and (f) shows temperature over 
time. Note that in each plot, the different colored points represent the three average grain radii. Also, 
note that the temperature increases due to decreasing grain size because of the decrease in the fuel 
thermal conductivity and because of the increase in ½ssion gas release. Figure taken from ?10A.
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the thermal conductivity in the gap between 
the pellet and the cladding. Thus, with this 
coupled model, decreasing the grain radius 
decreases the UO2 thermal conductivity and 
the gap conductivity. In this way, multiple 

captured with the model.

Conclusions

In order to develop a more predictive 
fuel performance modeling capability for 
accident conditions and advanced fuel 
designs, INL has developed the MOOSE-BI-

MOOSE is the numerical framework, 
BISON is the macroscale fuel performance 

for the development of mechanistic materials 
models that consider microstructure effects.

In order to develop mechanistic materials 
models of radiation effects on fuel behavior, 
a multiscale approach, bridging from the 
atomistic to the macroscale, is employed. 

material properties; mesoscale calculations 
investigate the microstructure evolution to 
develop mechanistic materials models, which 
are then used in the macroscale BISON code. 
This process was demonstrated on the devel-

gas bubbles on the effective GB resistance 
within the fuel. The model was then imple-
mented in BISON and used to investigate the 
impact of grain size on fuel performance.

Article previously published in the “Interna-
tional Congress on Advances in Nuclear Power 
Plants and 28th KAIF/KNS Annual Confer-
ence,” Jeju Island, Korea, April 14-18, 2013.
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Synergistic Smart Fuel for Microstructure Mediated Measurements

Advancing the nuclear fuel cycle and 
next generation nuclear power plants 

requires enhancing our basic understanding 
of fuel and materials behavior under irradia-

the effectiveness and lifespan of the fuel are 
the loss of thermal conductivity of the fuel 
and the mechanical strength of both fuel 
and cladding. The core of a nuclear reactor 
presents an extremely harsh and challenging 
environment for both sensors and telemetry 

of energetic and ionizing particles from 
radioactive decay processes. The majority 
of measurements are made in reactors using 

this research that exploits high temperatures 
and materials that are robust with respect 
to ionizing radiation. This synergistically 

will be self-powered, wireless, and provide 
telemetry. The novel sensor will be able to 
provide reactor process information even if 
external electrical power and communication 
are unavailable. In addition, the form factor 
for the sensor is identical to the existing fuel 
rods within reactors and contains no moving 
parts. Results from initial proof-of-concept 
experiments designed to characterize 
porosity, surface properties, and monitor gas 
composition will be discussed.

Introduction

generation nuclear power plant requires an 
enhanced fundamental understanding of fuel 
and materials behavior under irradiation. 
The two most critical issues limiting the 
performance and lifetime of the fuel are 
the degradation of the thermal conductivity 
of the fuel and the mechanical integrity 
of both the fuel and cladding. To better 

-
ity in-core temperature and microstructure 
measurements are needed. Several tech-
nology barriers exist for implementing 
sensors into reactor vessels, especially in 

high-temperature materials and sensors that 
can operate up to 1500°C, (2) radiation-hard-
ened materials and electronics, and (3) 
wireless communication methods compatible 
with harsh environments.

To better understand the mechanical integrity 
of fuels, we must have means to perform 

-
ture within the reactor to perform properly. 
It is known that the evolution of defects 
in microstructures can change the overall 
material porosity. This research demonstrates 
that changes in porosity can be detected with 
a heat-engine-based sensor and remotely 
monitored as a change in acoustic frequency. 
Microstructure changes in fuel can be 
monitored directly, by sensing changes in 

gas release. Initial experimentation has been 
performed using surrogate materials repre-
sentative of fuels/cladding, with precisely 
controlled porosity.

It has become increasingly evident that 
a paradigm shift is necessary to develop 
effective sensors for the harsh nuclear 
environment. The fundamental question that 
should drive sensor design is how the harsh 
environment can be used to the sensors’ 
advantage. Instead of working against the 
environmental conditions, the sensor must 
be synergistic and take advantage of its 
environment, as well as the intrinsic power 
source, cooling mechanisms, and thermal 
gradients provided in the reactor core.

enables both high-temperature and poros-
ity-sensing capabilities within a nuclear 

-
ical pump, moving parts, or electricity to 
provide a wireless indication of temperature. 

in-pile environments and can potentially be 
incorporated within current cladding and 
capsule designs for in-pile use. The sensor is 
self-powered by the temperature differential 
between the fuel and the coolant.

from robust materials and have no moving 
parts, they are ideally suited for the hostile 
conditions within a reactor. The existing 

experimental fuel rods and capsules makes 
excellent acoustical resonator cavities. The 
temperature differential between the fuel 
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Thermoacoustic Engine

generation of acoustic waves from heat 

a high-temperature source into acoustic 
power, while rejecting waste heat to a 
low-temperature sink (i.e., coolant) [1-3]. 
The temperature variation, imposed across 
a section of an acoustic cavity, drives heat 
into the gas, forcing the gas to do work on 
its surroundings and amplifying the acoustic 
oscillations. Each parcel of oscillating gas 
takes heat from the parcel behind and trans-

steep thermal gradient is necessary to induce 

temperature within the reactor will then be 

Figure 1 illustrates the operation of a stack-

the stack material (Figure 1 and hot and 
cold heat exchangers in a closed-closed 
(half-wavelength) resonator [1, 2]. The 
stack that is used consists of a regular array 
of parallel channels. These stacks are the 
substrates for catalytic converters found in 
cars and can be made from any channeled 
material with high heat capacity such as 
glass or stainless steel. Heat is applied 
to the hot end of the stack and creates a 
temperature gradient across the stack. The 
stack’s cold end needs to be maintained at a 

similar to a four-stroke car engine. Cool fuel 
gets injected and compressed to increase the 

-
mum compression, heat gets input (spark). 

-
ture drops. The combusted gas and heat are 
exhausted. The cycle begins anew. 

using Figure 1. When a gas parcel moves 
to the left (Step 1), the parcel’s temperature 

-
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Figure 1. (Left) Half-wavelength resonator and the four-part cycle of a gas parcel within the stack. 
(Right) ceramic stack material inside a test tube. (Photo courtesy of Reh-Lin Chen). 

sion. Heat is then transferred from the hot 
end of the stack to the gas parcel during Step 
2. This increases the gas parcel’s temperature 

gas parcel is at a stable high pressure. The 
increased temperature causes an increase in 
volume of the parcel. Consequently, work 

of heat from the stack to the gas parcel. The 
pressure increase pushes the gas parcel back 
slightly more each acoustic cycle.

The gas parcel then moves to the right (Sstep 

expansion. Heat is transferred from the 
parcel to the stack (Step 4). This lowers the 

-
sure. Since the removal of heat from the gas 

to the gas parcel. This pulls the gas back 
toward the hot end of the stack by slightly 
more each acoustic cycle. Eventually, the 
amplitude of the acoustic resonance grows 
to a steady-state level. Steady-state operation 
occured when the acoustic energy dissipated 

acoustic energy. Lord Rayleigh intuitively 
-

tury [5] and stated a “vibration is encouraged 
when heat is added during compression and 
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Experimental Capsule as a 
Thermoacoustic Resonator

6-8]. The Separate Effects Testing (SET)-1 
capsule has been adapted to accommodate a 

designed and successfully used for thermom-
etry experiments [4].

The cylindrical resonator in Figure 2 
represents a typical SET-1 capsule. The heat 
source will be nuclear fuel or gamma-heated 
material. Electromagnetic radiation transfers 
heat to the stack’s hot end. The stack’s 
cold end is kept cool by immersion of the 

the acoustic streaming [9-10] produced by 
sound. The resulting temperature gradient 

is maintained in this manner for sustained 
acoustic resonance.

The sound that is produced in the capsule 
will propagate by radiating throughout the 

-
rectional sound can be monitored at remote 
locations away from the high temperatures 
and radiation of the reactor core. The reso-
nant acoustic frequency is representative of 
an effective temperature within the capsule. 

parts to fatigue or fail, and no electrical 
cabling requirements inside the capsule.

Experimental Plan and Setup

Testing for direct and indirect measure of 
microstructure will be performed by chang-
ing the parameter of interest. The direct 
measure of microstructure will be performed 

Figure 2. SET-1 experimental capsule adapted to create a prototype TAC sensor. The actual 
prototype is shown just above the schematic and the stack is shown at the approximate location 
within the capsule. The fuel heats the stack’s hot end via electromagnetic radiation. Heat transfer 
from the stacks’ ambient end is enhanced by the acoustic streaming gas ¾ow, which is indicated by 
the oval arrows. Streaming also enhances the heat transfer from the gas to the surrounding cooling 
¾uid. 

by inserting porosity specimens of various 

resonant cavity. The porosity specimens 
consist of various honeycombed steel pucks 

porosity experiment will be performed using 
a porous puck that has been immersed in 
wax. The wax blocks the pores, making a 
nonporous specimen. When the specimen is 

runs out of the porosity specimen. Resulting 
modulation to the acoustic signal will be 
evaluated. The indirect measurement of 

different gases. The baseline gas will be 
atmospheric air.

containment/coolant, as shown in Figure 
3. The oscillatory movement of gas results 

launches acoustic energy into the water and 

-
sure, gas temperatures in several locations, 
and power applied to the heater. 
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Porosity Experiments

The leading causes of fuel failure is 
swelling, crack growth, and deleterious 
interaction between fuel and cladding. 
Methods to measure in-core microstruc-

must enable the linking of fundamental 
microstructural damage mechanisms to 
the macroscopic degradation of the fuel 

to characterize microstructure has been 
evaluated. Experiments were conducted 
by fabricating steel porosity specimens 
and placing them within the hot end of the 

specimens can be placed in the cold end 

testing with a temperature differential on the 

Table 1 shows the results from the porosity 
experiments. Frequency invariants [4, 8] are 
recorded because the Ideal Gas Law predicts 
that the ratio of acoustic frequency to square 
root of absolute temperature is a constant. 
The hot end invariant is obtained from taking 
the frequency of the acoustic resonance and 
dividing it by the square root of the tempera-

the heating coil). The cold end invariant is 
obtained in a similar manner. The spherical 
pores come in two sizes (3.46-mm and 

(columns aligned and columns offset). The 
microstructural specimens are shown in 
Figure 5.

Figure 3. Submersible TAC sensor is shown suspended above the aUuarium test tank prior to testing. 

Figure 4. Porosity arrangement is displayed in graphic of the sample within the TAC for mediated 
microstructure measurements. 

Figure 5. Photographs of microstructure specimens and spacers used for testing. (a) Samples 
representing interconnected porosity. (b) Samples representing surface microstructure and used as 
spaces.  A low-density solid puck was simulated by wrapping a 3.46-mm aligned porous specimen 
with tin foil (top). (c) Picture of 3.46-mm aligned pores porosity specimen with wax ½lled pores. 
(Diameter of specimen is 32 mm, the height is 12.7 mm.) 

a b c
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different behavior in the presence of porous 
-

feature that is clearly reinforced by the table 
is the robust nature of the cold end invariant. 

variation between the two 1.73-mm pore 
alignments in hot end invariants and tem-
peratures. There does not appear to be any 

pore alignments.

Table 2 shows a number of interesting trends 
based on the geometry of the fuel pellets. 
Note that the cold end invariant tends to 
follow the mass of the object inserted into 

do not show an obvious correlation with 
mass. The hot end measurements tend to 
be independent of the placement of the 
specimen (with and without spacer). The 
placement of foil over the pucks’ front 
surfaces had the largest effect on the hot 
end measurements. The effects from the 
foil are strong indications that the hot end is 
sensitive to surface microstructure. The cold 
end temperature remains consistently near 
the water temperature within a few °C. It is 
interesting to note that the long puck has the 
largest effect on the cold end invariant.

It is also interesting to note that hot end 
temperatures with the porous pucks tend to 
run hotter than solid pucks. The solid puck 
hot end temperatures clearly show that loss 

on hot end temperature when compared to 
baseline data. The exception is the foil-cov-
ered specimen, where another heat transfer 
mechanism is clearly involved. Thus, there 
are strong indications that the hot end is 
sensitive to bulk and surface microstructure.

Table1. Results from the TAC porosity experiments. 

Specimen—Porous 
Disks

Weight (grams) Geometry Diameter 
× Height (mm) (Hz/ K) (Hz/ K)

Hot End Temp 
(Celsius)

Cold End Temp 
(Celsius)

Empty (baseline) NA NA 18.74 16.31 130 31.5

1.73 mm Aligned 33.5 32 × 12.7 19.28 15.91 163 31.7

1.73 mm Offset 23 32 × 12.7 19.25 15.51 205 31.5

3.46 mm Aligned 32 32 × 12.7 19.27 16.1 172 32.0

3.46 mm Offset 13 32 × 12.7 19.19 16.09 169 30.7

Table 2. Behavior of mock-up fuel pellets of various dimensions and weights. Spacer serves as a TAC resonator standoff (5-gram mass).

Specimen (Solid 
Pucks)

Geometry Diameter 
× Height (mm)

Weight (grams)
Cold End Freq 

K)
Hot End Freq 

K)
T Hot End (Celsius) T Cold End (Celsius)

Long, with spacer 32 × 25.4 86 NA (acoustic onset NA 248.8 34.2

Long, no spacer 32 ×12.7 81 19.4 16.5 153.7 29.5

3.46-mm aligned 
porous puck and foil, 

with spacer 

32 × 25.4 39 19.25 14.5 236.4 33.3

3.46-mm aligned 
porous puck and foil, 

no spacer 

32 ×12.7 34 19.3 14.65 236.0 33.1

Short , spacer 32 ×15.8 17 19.2 16.4 143.7 32.3

Short, no spacer 32 ×3.1 12 19.05 16.3 144.2 33.6

80, long-term 
baseline (empty)

NA NA 19.1 16.2 145 29.0
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Dynamic Microstructure 
Experiments

The porosity specimen consists of a honey-
combed puck (3.46-mm aligned pores) that 
has been immersed in wax (Figure 5). The 
wax blocks the pores, making a nonporous 
specimen. When the specimen is placed in 

of the specimen. 

Resulting modulation to the acoustic signal 
has been noted, as shown in Figure 6. The 
salient phenomenon is that the movement 
of the melting wax perturbed the cavity 
such that the sonic resonance is temporarily 
extinguished. Once the melted wax stopped 

at a slightly higher frequency. The wax-melt 

track dynamic bulk microstructural (opening 
of interconnect pores) events.

Gas Density Experiments

and xenon) evolution as part of the radio-
active decay of the fuel [11]; although, to 
separate effects, pairs of fuel rod resonators 
may be required (e.g., one to measure tem-
perature and the other to identify gas mixture 

-
ing the resonant cavity with various gasses. 

universal gas constant is determined from 
the measurement of acoustical resonances 
at the National Institute of Standards and 

-

microstructural changes.

as shown in Table 3. The tabulated data 
show that resonance frequency is directly 
related to the ratio of the square root of the 

P/cV) to the mean 
molecular mass, M, of the gases. Evolving 

in variations in the frequency of the sound 
radiated. The measured frequency ratios 
are not exactly equal to those based on the 
properties of the gases due to the fact that 
the temperatures during all four measure-
ments were nearly, but not exactly, equal and 
the humidity of the air sample was unknown. 

larger than nitrogen, the presence of humid-
ity in the air dropped the average molecular 

the ability to resolve atmospheric air (~70% 
nitrogen) from pure nitrogen and moisture 

in situ
release will enable the prediction of micro-
structure evolution and support development 
of fuel microstructure that can be designed 
to maximize fuel lifetime and reliability. 

gas molecules and mixtures that may result 

release.

Conclusion

is shown to be synergistic with conditions 

takes advantage of the large thermal gradients 
caused by the nuclear fuel and surrounding 
cooling water and, therefore, requires no 
external power source. Because the phenome-
non is simplistic and has no moving parts, the 
sensor can be constructed from inexpensive, 
yet robust materials. The signal generated is 

Figure 6. Plot showing the freUuency invariant of the porosity specimen with time. As the porosity 
specimen heats up, the wax melts. The ¾owing wax keeps the TAC sensor from resonating and the 
signal drops out near 35 to 45 Sa. Once the liUuid wax has ½nished ¾owing, the cavity is stabilized 
and sound resonance restarts. However, the recovered signal has slightly more variation. 



63

 
Synergistic Smart Fuel for Microstructure Mediated Measurements

through the cooling water or metal pipes/
structures within the reactor.

heat engines, INL is the only known labora-

process (e.g.,temperature, gas composition, 
extension, pressure, etc.) and microstructure 
sensors have been developed and success-

also be used for separate effects testing by 
providing hot and cold regions within the 
resonant cavity that have a temperature 

-
tecture paradigm has been opened from the 
ability to have heat engine-based wireless 
and self-powered sensors. The new sensing 
architecture paradigm will reduce experi-
ment complexity and be simple, robust, easy 
to install, and cost-effective. 

The experiments discussed have been 
designed to demonstrate the microstructure 

Two types of microstructure monitoring 
have been evaluated. Both direct monitoring 
of effects from interconnected porosity and 
indirect microstructure characterization 

the following gasses according to their 

molecular weight: nitrogen, helium, xenon, 

between nitrogen and atmospheric air. 
Dynamic microstructure evolution has also 
been monitored. In a complex environment 
(such as a nuclear reactor), multiple sensors 
will be required to deconvolve various 
environmental conditions changing simulta-
neously.

self-powered, and economical, it is an 
excellent choice as a new approach for 
in-pile monitoring within a nuclear reactor. 
The natural and synergistic properties of 

testing within a reactor will be successful. 

Very High-Temperature Reactor Program is 
scheduled to go into a laboratory mock-up of 
an advance gas reactor test train in the winter 
of 2013. The SET-1 prototype for the Fuel 
Cycle Research and Development Program 
is scheduled for insertion in 2015.

Article previously published in the “40th 
Quantitative Nondestructive Evaluation 
(QNDE) & 10th International Conference on 
Barkhausen Noise & Micromagnetic Testing 
(ICBM) Conference Denver, CO, July 
21-26, 2013.

Table 3. Acoustic freUuency variation is shown for four different gases. The ratio of the measured freUuencies to the freUuency in helium is 
compared to the ratio calculated using molecular mass and the ratio of speci½c heats,  = cP�cV..

Gas Molecular Mass (a.m.u.)
 

( = cP/cV)
Freq. Ratio f/fHz Sq. Root Ratio ( /M)0.5

Helium 4.00 1.667 976.2 1.000 1.000

Nitrogen 28.01 1.400 315.7 0.323 0.346

(Dry) Air* 28.96 1.403 322.7 0.331 0.341

Xenon 131.29 1.667 173.0 0.177 0.175

* Humid room air was used in the experiment

Note that the results for “room” air are slightly larger than nitrogen due to natural humidity.
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Introduction

Mof Nuclear Energy (DOE-NE) pro-
grams are investigating the long duration 
irradiation performance of candidate new 
fuels and materials for use in nuclear 
reactors. Ultrasonic measurements have 
a long and successful history of use for 
materials characterization, including 
detection and characterization of degradation 
and damage [1], measurement of various 
physical parameters used for process control 

many types of ultrasonic sensors can be 
used to measure different properties of 
interest, all ultrasonic sensors incorporate a 
transducer, which can limit the survivability 
of the sensor in an irradiation test. The 
development of ultrasonic tools to perform 
different in-pile measurements requires a 
fundamental understanding of the behavior 
of ultrasonic-transducer materials in high-ra-
diation environments. Irradiation studies of 
ultrasonic transducers have been described 
in literature, but a one-to-one comparison of 

material test reactors (MTRs).

Pennsylvania State University (PSU) leads 

ultrasonic transducer in the Massachusetts 
Institute of Technology (MIT) Nuclear 
Research Reactor (MITR). This test is an 

instrumented lead test, allowing real-time 
signals to be received from the transducers. 

irradiation to include piezoelectric transduc-
ers that rely on the electric charge that builds 
within certain materials under mechanical 
stress, and magnetostrictive transducers 
that rely on the tendency of ferromagnetic 
materials to change shape as they are mag-

achieved in prior irradiations. The objective 
of this test is to evaluate the degradation 
of candidate transducer materials under 
irradiation. It has been designed to provide 
fundamental data on piezoelectric and 
magnetostrictive material performance in 
irradiation environments; hence, these data 
are directly comparable to results of prior 
irradiations. Collaborators in this endeavor 
include PSU, the Massachusetts Institute of 

Technology (MIT), Idaho National Labo-

Laboratory, and the French Commissariat à 
l'énergie atomique et aux énergies alterna-
tives.

Background

Several U.S. DOE-NE programs are 
investigating new fuels and materials for 
advanced and existing reactors, including 
sodium-cooled faster reactors (SFRs), 
high-temperature gas-cooled reactors, and 

portions of these programs focus on charac-
terizing the irradiation performance of these 
fuels and materials.

Some key parameters needed to evaluate 
fuel performance, which could potentially be 

 
Under Neutron Irradiation

Research team participants discussing test capsule design (left to right, Pradeep Ramuhalli, PNNL; 
Brian Reinhardt, PSU; Gordon Kohse, MIT; Joshua Daw, INL, and Hual-Te Chien,  Argonne National 
Laboratory.
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Table 1. Summary of desired fuel measurement parameters for irradiation testing.

Parameter Desired Accuracy Desired Spatial Resolution

Fuel Temperature

Ceramic LWR: 1400ºC

2%

1-2 cm (axially)

Ceramic SFR: 2600ºC 0.5 cm (radially)

Metallic SFR: 1100ºC

Tristructural-isotropic (TRISO) High-
Temperature Gas Reactor: 1250ºC

Cladding Temperature

Ceramic LWR: <400°C

2% 1-2 cm (axially)Ceramic SFR: 650° C

Metallic SFR: 650° C

Fuel Rod Pressure

Ceramic LWR: 5.5 MPa

5% NACeramic SFR: 8.6 MPa

Metallic SFR: 8.6 MPa

Fission Gas Release 10% NA

Fuel and Cladding Dimensions and 
Density

Initial Length: 1 cm 1% NA

Outer Diameter/Strain: 0.5 cm/5-10% 0.10% NA

Fuel-Cladding Gap: 0-0.1 mm 0.10% NA

Density:

2% NACeramic: < 11 g/cm3; Metallic: < 50 g/cm3;

TRISO pebble/compact: 2.25 g/cm3

Fuel Microstructure

Grain size,10 mm 5% 1-10 mm

Swelling/Porosity: 5-20% 2% NA

Crack formation and growth 2% 10-100 mm

Ceramic: 1-5 W/m K 4% <1 cm (radially)

Table 2. Selected instrumentation available in MTRs.

Parameter Sensor Comments

Temperature

Melt Wires
irradiation examination (PIE) required

Silicon Carbide Temperature Monitor

Thermocouples (Types N,K)
1100°C maximum operating temperature, limited by 

constituent migration

Thermocouples [Doped Mo/Nb-alloy High-
Temperature Irradiation-Resistant Thermocouples 

(HTIR-TC)] [7]

1800 °C maximum operating temperature, limited by 
electrical insulation degradation

Thermocouples (Types C, D, B, R, and S)
Decalibration due to transmutation caused by thermal 

Density/Displacement
Linear Variable Differential Transformer

Diameter Gauge

Crack Initiation/Growth Direct Current Potential Drop Method

Young’s Modulus Loaded Creep Specimen

Multiple Thermocouple

Hot Wire Needle Probe
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measured with ultrasound sensors possessing  
the desired accuracies and resolutions, are 
shown in Table 1[3]. Similar measurement 
parameters exist for structural material tests.

Table 2 lists selected instrumentation 
available for irradiation tests in interna-
tional MTRs [4]; these instruments could 
potentially be replaced by ultrasound-based 
sensors. Many of the sensors used in foreign 
MTRs often require enhancement before 
they can be successfully deployed in the 

U.S. MTRs. If enhanced, these sensors can 
provide insights into temperature, thermal 
conductivity, and crack growth. However, 
in general, the spatial resolution available 
with these sensors is limited both because 
of the limited size of the irradiation test and 
the desire to minimize the impact of the 
sensor on test results. In addition, existing 
and near-term sensor technologies do not 
provide any proven capability for detecting 
changes in fuel microstructure or constituent 
migration in high-temperature (potentially 

environments.

For decades, ultrasonic instruments have 
non-destructively measured various process 
control parameters successfully. They have 
been used, for example, to characterize 

transducers could be used to make these 
measurements and survive irradiation test 
conditions, all of the parameters listed in 
Tables 1 and 2 could be monitored ultrasoni-

data than possible with currently available 
sensors. For high-accuracy measurements, 
most of these applications will likely require 
the high-frequency operational capabilities 
of piezoelectric transducers, but some 
measurements can be made with magneto-
strictive transducers as well. For example, 
post-irradiation examinations (PIEs) show 
that fuel microstructure parameters, such as 

porosity and grain size, can be correlated 
to ultrasonic velocity [5] (and, therefore, 

by Villard [6], frequency requirements for 
such measurements are typically restricted 
to greater than 10 MHz. However, lower 
frequencies can be used for some applica-
tions, such as ultrasonic thermometry, where 
frequency requirements may be 100–150 
kHz or lower (such as magnetostrictive 
transducer-based ultrasonic thermometry).

Ultrasonic Transducers

To generate and receive ultrasonic pulses 
and signals, two of the most commonly 
used technologies are piezoelectric and 
magnetostrictive transducers. Ultrasonic 
measurements using piezoelectric trans-
ducers have been demonstrated over a wide 
frequency range—from kHz to GHz. Since 
most nondestructive evaluation, materials 
characterization, and process monitoring 
are performed in the range from 1–20 
MHz, piezoelectric transducers are ideal. 
The current capabilities of magnetostric-
tive transducers are typically limited to 
operation at frequencies up to about 200 
kHz, although recent research suggests 
that higher frequencies may be possible 
for small magnetostrictive transducers [7]. 
However, mechanical coupling, as well as 
enhanced guided-wave mode generation, 
makes magnetostrictive transduction ideal 
for low-frequency measurements, such as 
ultrasonic thermometry [10]. Therefore, 
radiation-tolerant sensors that use piezoelec-
tric or magnetostrictive materials are being 
considered as candidates for instrumentation 
in U.S. MTR testing. The PSU-led MITR 
irradiation test is unique because it will 
include both piezoelectric and magnetostric-
tive transducers and because it will involve 

Piezoelectric Transducers

The piezoelectric transducer design proposed 
for this irradiation test was chosen based 
on research by Parks and Tittmann [11] and 
information from early ultrasonic sensors 
developed at the Hanford Engineering 
Development Laboratory [12] for under-so-
dium viewing. They share similar constraints 
with respect to thermal and neutron radiation 
tolerance. These transducers rely on pressure 
for coupling the piezoelectric element to 
the waveguide. Electrical contact with the 
piezoelectric element is achieved through 

behind the piezoelectric sensor provides 
damping and prevents excessive ringing of 

-
tric transducer design is shown in Figure 1.

Alumina insulation

Stainless steel housing

Stainless steel plunger/
electrical contact

Stainless steel 
waveguide

Carbon/carbon backing

Piezoelectric wafer

Figure 1. Schematic of piezoelectric 
transducer design.
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The irradiation volume available in this test 
limits the number of piezoelectric transducer 
materials that can be included. Piezoelectric 
transducer materials were selected based 
on prior irradiation test results, anticipated 
radiation tolerance, transition temperature, 
and ease of incorporation into sensor 
designs. The piezoelectric materials selected 
for inclusion in this test are described below.

1) Bismuth Titanate
Suggested literature review and subsequent 
analysis suggested bismuth titanate (Bi3TiO9) 
as the most promising material extensively 
tested to date [13]. However, this material 
lost roughly 60% of its one-way piezo-

of 1020 n/cm2, suggesting that it is not an 
ideal candidate. The decrease in the signal 
response is in agreement with the statements 
provided in Reference [14], which indicates 
that disordered Ti-O-Ti bridges of highly 
covalent character form in titanates when 
subjected to the effects of neutron radiation, 
causing damage to the crystal structure and 
degradation of the piezoelectric properties 
of the material. Given that this material has 
shown the greatest promise to-date, it has 
been selected as a baseline for comparison in 
this irradiation test.

2) Aluminum Nitride

bulk single-crystal material. In fact, the work 
of Parks and Tittmann with this material 

gamma irradiation up to 18.7 MGy [15] 
and temperatures of 1000°C. [16],[17]. 
Moreover, this material has been explicitly 
cited in numerous independent studies as a 
highly radiation-tolerant ceramic [14]. This 
behavior is thought to be at least partially 
due to its wurtzite crystal structure [11]. 

-

this material to be completely unaffected by 

1018 n/cm2 and 5.8 × 1018 n/cm2, respectively, 
and a gamma dose of 26.8 MGy [11]. This 
work, along with research by Yano [18] and 
Ito [19], indicates that the 14N(n,p)14C is not 

material.

3) Zinc Oxide

structure and has been cited as a highly radi-
ation-tolerant material [14]. The evaluated 

any detrimental nuclear cross sections and 
this material possesses a high transition tem-
perature and moderate piezoelectric coupling 

electrical energy to mechanical energy).

Magnetostrictive Transducers

The magnetostrictive transducer design 
proposed for this test was selected based 
on research by Lynnworth [21] and Daw 
[22]. The transducer designs consist of 
a small driving/sensing coil, a biasing 
magnet (which recent results indicate is not 
necessary in all cases), and a magnetostric-
tive waveguide. The ultrasonic signal is 
generated when a high-frequency alternating 
current pulse is driven through the coil. The 

domains within the material to oscillate. The 
domains are pre-biased by the magnet to 
maximize the response. Received echoes of 
the oscillations are sensed through the coil 

magnetostrictive transducer design is shown 
in Figure 2.

Figure 2. Schematic of magnetostrictive transducer design.
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The magnetostrictive transducer materials 
were selected based on previous use in 
radiation environments, amounts of neutron 
sensitive materials, Curie temperature, and 
saturation magnetostriction.

1) Remendur
Remendur has the most history of use in 
nuclear applications of all magnetostrictive 
alloys, having been used previously for 
short-duration thermometry applications. 
Remendur is an alloy composed of 
approximately 49% iron, 49% cobalt, and 
2% vanadium. This alloy has a high Curie 
temperature (950°C) and relatively high 
saturation magnetostriction (~70 mstrains). 
Because of its cobalt content, Remendur 
is not considered an ideal choice (due to 
concerns about the production of Cobalt-60 
during irradiation). However, its successful 
prior use warrants inclusion.

2) Galfenol ?23A
Galfenol is a relatively new alloy of iron and 
(approximately 13%) gallium. Galfenol is a 
member of the so-called giant magnetostric-
tive alloys and has a very large saturation 
magnetostriction (100–400 mstrains). It also 
has an appropriately high Curie temperature 
(700°C). Neither of its constituent elements 
reacts strongly with neutron radiation. These 
factors suggest that Galfenol is the most 
appealing magnetostrictive material candidate.

3) Arnokrome ?24A-?26A
-

netostrictive alloys. The most promising 

are included in this study. However, initial 
testing of transducers constructed with these 
alloys indicates that the signal decreases with 
increasing temperatures to the extent that the 
signal becomes indistinguishably small at the 
temperatures expected in the irradiation test. 

be included as loose samples, which will be 
tested during PIE (see Section IV-C).

Experiment Design

MITR

The MITR is a tank-type research reactor 
[27] operating at atmospheric pressure. It 
began operation in 1958 and its current 
license, issued in November 2012, autho-
rizes steady-state 6-MW operation. The 
reactor comprises two tanks: an inner tank 
for light water coolant/moderator and an 

tank. The MITR is equipped with a wide 
variety of sample irradiation facilities, with 

1013 and 1.2 × 1014 n/cm2·s, respectively. The 
test position within the MITR core is shown 
in Figure 3.

Capsule

capsule to a cylinder 42 mm in diameter 
and 152.4 mm in length (see Figure 4). The 
capsule design for this test uses structural 
graphite as a holder material. Graphite is 
an ideal material because it has low density 
(for reduced gamma heating). In addition, 
graphite is thermally conductive (to produce 
a uniform predictable temperature), exhibits 
low neutron activation, and can be used at 
very high temperatures. During irradiation, 
the graphite holds the test specimens in 

generated to the coolant.

Based on estimated space requirements, four 
piezoelectric transducers and two magneto-
strictive transducers were included for this 

samples of each test material were included. 
This allows for PIE of all transducer materi-
als, even for those transducers that cannot be 
dismantled after irradiation.

Figure 3. Cutaway view of the MITR reactor, showing the locations of the in-pile experiment tube 
and the experiment location within the core.



Nuclear Fuels & Materials Spotlight

72

irradiation capsule to ensure that test con-
ditions are well characterized. Two type-K 
thermocouples and a selection of melt wires 
are used to monitor temperatures online and 
verify maximum test temperature. Thermal 

vanadium emitter self-powered neutron 

monitored online using a platinum emitter 
self-powered gamma detector.

Irradiation Conditions
The capsule was inserted in the MITR and 
the irradiation was initiated in February 
2014. Transducer temperature is adjusted by 
controlling the composition of the gas in the 
gap between the capsule and the experiment 
guide tube. The test temperature is approx-
imately 450°C. It was planned that the test 

piezoelectric transducer irradiations (e.g., 
greater than 1 × 1021 n/cm2 [28]). Given a 

13 n/cm2·s, the 
capsule would be irradiated for at least 310 
days. In order to observe rapid changes at 

with the reactor slowly ascending to power. 

conditions at the MITR are summarized in 
Table 3.

Laboratory Tests
Laboratory tests are being used to separate 
the effects of elevated temperatures from 
irradiation effects on the transducers. 
These tests also help optimize the trans-
ducer designs for thermal cycling and for 
high-temperature, long-duration operation. 

to identify heating rate limitations (i.e., 
thermal shock) of each sample material. 
The second tests evaluate the maximum 
operating temperature of each transducer. 
Finally, a long-duration test that closely 
matches the temperatures and duration of 
the in-reactor test provides insights related 
to temperature. This test begins with a slow 
ramp up to temperature, matching the initial 
power-up temperatures in the reactor. The 
test is performed at anticipated steady-state 
in-core temperature, approximately 450°C, 
with intermittent cool downs simulating 
scheduled reactor shutdowns. The test will 
last for up to 10 months (the anticipated 
in-pile test duration at power).

Figure 4. Schematic of test capsule design, showing positions of test transducers and sensors.

Table 3. Expected irradiation test 
conditions.

MITR In-Core Experimental Facility

Capsule dimensions 42 mm OD x 152.4 mm 
long

3.6 × 1013 n/cm2·sec

1.2 × 1014 n/cm2·sec

Gamma dose rate 1 × 109 R/hr

Temperature 400–500°C

Testing pPeriod
power days requiring 
approximately 540 
calendar days (18 months)
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Post-Irradiation Examination
Irradiation effects on candidate materials 

will be compared with pre-irradiation values. 

First, researchers will complete simple 
pulse-echo measurements, which reveal 
much information about the quality of the 
transducer. These measurements can be 
taken without disassembling the transducer. 
They can be made either in-pile (after 
reactor shutdown) or after removal from the 
reactor. The pulse-echo measurement is used 
to measure signal–to-noise ratio (indicating 
sensitivity of the transducer), resonance 
frequency, bandwidth, and the quality factor 
(a measure of the intrinsic damping of the 
crystal). These factors are used as a go/
no go test for sensor performance and are 
most important in ascertaining transducer 
performance.

Impedance measurements can be used to 
calculate loss tangent, which is related to 
dielectric property changes. It also reveals 
resonance frequency, stiffness, and dielectric 
constant. This is important in determining 
loss mechanisms. Like pulse-echo mea-
surements, this measurement can be taken 
without disassembling the transducer.

Hysteresis measurements show remnant 
polarization, which is necessary for trans-
duction in ferroelectrics and the degradation 
mechanism, such as metamictization versus 
antiferroelectric tendencies. This measure-
ment can be made without disassembling the 
transducer. 

Density data are needed to determine 
material properties from the pulse-echo 
and impedance measurements. During 
temperature testing, it is common to see 
variations in densities of many piezoelectric 
materials, and it is important to characterize 
these changes. The sensor material must be 
removed from the transducer assembly, mea-
sured, and weighed for this measurement.

The d33 parameter is a material constant 
important to piezoelectric transducer signal 

-
cantly affected during neutron testing in 
most materials; thus, it is also important to 
characterize observed d33 changes. It will 
be necessary to remove the sensor material 
from the transducer in order to measure this 
material property with a d33 meter.

Some materials change color during 
irradiation, which can indicate absorption 
of oxygen and other contaminants. Optical 
examination requires that the sensor material 
be removed from the assembly and photo-
graphed with a high-resolution camera.

Scanning electron microscopy (SEM) is 
important to characterizing the grain struc-
ture of the sensor and changes that occur 
during irradiation. SEM examinations may 
provide insights about the damage mecha-
nisms and how polar domains change during 
irradiation. SEM examples also require that 
samples be removed from the transducer 
assembly.

Conclusion

Ultrasonic measurements have a long 
and successful history of use in materials 
characterization, measurement of various 
physical parameters used for process control, 
and nondestructive examination. To develop 
advanced in-core sensors based on ultrasonic 
technologies, a fundamental understanding 
of the behavior of ultrasonic transducer 
materials in high-radiation environments 
is needed. While a number of irradiation 
studies of ultrasonic transducers has been 
performed, a direct comparison of these 

included materials and test conditions. In 
addition, tests to-date have generally been 

might be required for U.S. MTRs.

transducer irradiation is being funded by the 

include both piezoelectric and magnetostric-
tive transducers and because it will expose 

irradiations. This test is an instrumented lead 
test; real-time signals will be received from 
the transducers. Such a test enables accu-
rate measurement of the performance and 
degradation of candidate piezoelectric and 
magnetostrictive transducer materials under 

appropriate ultrasonic transducer material 
to enable development of new ultrasonic 
sensors capable of monitoring many physical 
parameters in-core.
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In-Core Flux Sensor Evaluations at the ATR Critical Facility

As part of an Idaho State University 

NSUF) collaborative project that includes 
Idaho National Laboratory (INL) and 

detector evaluations were completed to 
compare the accuracy, response time, and 

and to perform lobe-power measurements, 

cross calibrations. Detectors evaluated in 

chambers, specialized self-powered neutron 
detectors (SPNDs), and specially developed 
commercial SPNDs. Result from this 

program provide important insights related 

Introduction

respect to irradiation testing capabilities, 
these facilities have not investigated instru-
mentation in irradiations to obtain direct, 
real-time measurements of thermal-neutron 

capsules. Recent technological developments 
offer the possibility for such direct mea-
surements without resorting to complicated 

correction factors. In addition, it is possible 

reaction rates and to provide time-dependent 

-
tection sensors. The primary objective of 
this effort was to investigate the feasibility 
of using various types of neutron sensors to 

distribution information using activation 
spectrometry, both as an aid in interpreting 
data from the real-time sensors under evalua-
tion and for use in the validation of advanced 

Life Extension Project Program. Detailed 
activation measurements were made to 
provide additional calibration data for the 
real-time sensors of interest, as well as 
high-quality benchmark neutronics data that 
will be useful for the Life-Extension Project 

Upgrade Project that is upgrading reactor 
physics codes. Calculations were performed 
to assess the performance of, and reduce 

to compare data obtained from these sensors 
with data from existing integral methods 

Figure 1. CEA�INL�ISU researchers performing miniature ½ssion chamber evaluations in ATRC.
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-
tors, which includes specialized instrument 
positioning hardware and associated 
software, was developed to facilitate these 

initially focused on detectors readily avail-
able to the research team such as activation 
detectors (foils and wires) from the existing, 

chambers, one for detecting fast neutron 

instructed INL and ISU researchers on the 

Evaluations also included specialized 
commercial SPNDs that were initially used 
at the Transient Reactor Experiment and 
Test Facility and Neutron Radiography 
Reactor at INL. The project also evaluated 
data obtained from rhodium SPNDs, which 

National Energy Commission (see Figure 1).

This article highlights results from this 
effort, including descriptions of the spe-

types of detectors to be evaluated. More 
detailed information about this project may 
be found in [3] and [4].

ATR/ATRC Description

-
acterization of the expected changes in core 

-
erates at a thermal power of less than 5 kW. 

power greater than 0.25 mW. This pool-type 
reactor (Figure 2) operates at a power level 
of about 600 W for the majority of tests and 
provides useful physics data for evaluating 
the following:

-
ments

-
ments and experiment void reactivities

-
cients.

cm), uniform-width, vertical 40-element 
fuel annulus shaped in a serpentine fashion 

located in a 3 × 3 array (see Figure 3). 

The reactivity of the core is controlled 
primarily by eight pairs of rotating outer 
shim control cylinders that use hafnium 
plates as neutron absorbers. Small reactivity 
adjustments were performed with one of 
the 24 vertically withdrawn hafnium neck 
shim rods. In addition, rapid shutdown is 

safety rods that use cadmium as the poison 
material.

Figure 3. ATRC core con½guration.

Figure 2. ATRC layout.
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There are several design features incor-

capabilities. These features include the use 

regions; incorporation of special control 

power control to provide capability for 
power shifting between core lobes and 

range of uses, studies, and experiments. 
There is no regional online power mea-

measurement).

measurement comes from the N-16 Lobe 
Power Calculating and Indicating System 

the beta decay of N-16 in water. This system 

in-core sensors were inserted into these 

power measurements.

Detector and Measurement 
Equipment

Several types of neutron-activation detec-
tors and real-time neutron detectors were 
evaluated in this project (see Table 1). More 
detailed descriptions of each type of sensor 
and associated test rigs developed for these 

Activation Detectors

Test hardware with typical activation wires 
and foils used for activation spectrometry 

Figure 4. Various materials with differ-
ent neutron sensitivities as functions of 
neutron energy were used. During initial 
evaluations, six different sets of activation 
foil measurements were performed in the 

at the axial core mid-plane to determine 
detailed neutron spectral information at these 
locations for benchmarking purposes. 

distribution were also performed, using 

axial mid-plane.

in Table 1, grouped by the range of neutron 
energies to which each set of foils is sensi-
tive. Some foils were placed inside standard 
cadmium-foil covers or boron-10 spectral 

in the epithermal and fast neutron ranges. 
Further experimental setup details related to 
activation foils can be found in [5] and [6].

Figure 4. ATRC test hardware and activation foils.
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Table 1. Flux detectors for ISU�INL ATRC evaluations.

Detector Characteristics of Interest

 Flux Wires Materials

U235-Aluminum

Copper–1.55 Gold

Flux Foils Material Encapsulation Material 

Thermal Neutron Detection Gold (100 %) 
NoneManganese-Copper  

(80% / 20% wt) 

Epithermal Neutron 
Detection

Indium (> 99%) 

Gold (> 99%) 

Tungsten (>99%)

Cobalt (>99%)

Manganese-Copper 
(80%/20%) 

Copper (>99%)

Scandium (>99%)

Fast Neutron Detection

Niobium (>99%)

Boron Sphere (>99%)

Rhodium (>99%)

Indium (>99%)

Titanium (>99%)

Zinc (>99%)

Nickel (>99%)

Iron (>99%)

Copper (>99%)

SPNDs Emitter Lead Wires Insulation Sheath (Collector) 

Hafnium (commercial) 
Response: Fast  

Hafnium (minimum 97.5% 
with up to 2.5% Zirconium) 

 Inconel 600 Alumina (99.65%) Inconel 600

Gadolinium:  
Response: Fast Gadolinium (99.7%) Inconel 600 Alumina (99.65%) Inconel 600 

Rhodium (CNEA) 
Response: Delayed Rhodium Copper Acrylic Stainless steel–304

CEA Miniature Fission 
Chambers 

Fissile Deposit Anode /Fill Gas Cathode / Fill Gas Extension Cable 

Miniature Thermal Fission 
Chamber 

Deposit on anode:  
Uranium (U)-235: 98.5 % 
U-234: 0.063% 
U-236: 0.038% 
U-238: 1.409%

SS304L (impurities of cobalt 
0.02%) Fill Gas: Argon+ 4% 
nitrogen 

SS347(impurities of cobalt 
0.2%) Fill Gas: Argon+ 4% 
nitrogen

Sheath: SS304L 
Insulation: Silicon Dioxide (>99.5%) 
Wires: Copper (impurities of 
zirconium 0.19%)  
Shield: Copper

Miniature Fast Fission 
Chamber

Deposit on cathode: 
U-238 : 99.964% 
U-235 : 0.0354% 
U-234 : 0.0003%

SS316L 
Fill Gas: Argon

Material: SS316L 
ID: 6.3 mm 
OD: 8 mm 
Length: 33.5 mm 
Fill Gas: Argon

 
Insulation: Polyethylene (PE) 
Wires: Copper clad steel (CCS)
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addition, the southeast standard in-pile tube 
was used for activation measurements using 
hardware shown in Figure 5.

reactor runs was accomplished using 
measured activation of standard copper/gold 

as between two fuel elements at the axial 
core mid-plane of four of the fuel elements 

Real-Time Flux Detectors 

several types of detectors were evaluated. 
This section describes each type of detector 

evaluating their performance.

Self-Powered Neutron Detectors
SPNDs have been used effectively as in-core 

-
clear power reactors and material test reactors 
world-wide [8–10]. SPNDs rely on interac-
tions of neutrons and atomic nuclei to produce 
a measurable current that is proportional to 

detectors, they feature several advantages:

and pressure

signals

material).

However, there are also some disadvantages 
associated with SPNDs:

low neutron sensitivity

(for some emitters)

Delayed signal response (for some emitters).

Figure 5. Activation detector apparatus for the ATRC southeast standard in-pile tube.

Figure 6. Various experimental hardware for testing in-core sensors in ATRC.
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containing an inner electrode (the emitter) 
surrounded by insulation and an outer elec-

the lead cable and detector are mated directly 
to each other; the insulation of both sections 
are identical, and the collector of the detector 
section is also the outer sheath of the lead 
cable section, as shown in Figure 7. Modular 
SPND assemblies are made from separate 
detector and lead cable sections. Typically, 
SPND characteristics of interest include size, 
material compatibility at high temperatures, 
sensitivity, response time, and burn-up rate.

Characteristics of SPNDs evaluated in this 
project are listed in Table 1. SPNDs are 
encased in tinted Lucite tubes to prevent any 

unwanted leakage of component materials 
(if they are not leak tight) and to reduce 
unwanted noise produced when the SPND 
cables come in contact with metal surfaces. 

positions using specially designed exper-
imental guide tubes (EGTs). The EGTs 
are primarily fabricated from aluminum to 
minimize their weight. However, selected 
components, such as the guide tube shown in 
Figure 6, are made from stainless steel 304 

Figure 6, the six EGTs mechanically position 

the four N-16 exterior positions and two cen-

supported above the reactor by attachment to 
the reactor control bridge.

Position control and detector response 
are controlled and measured via specially 
developed software to allow all detectors to 
either individually or simultaneously move 

provide a three-dimensional measurement of 

SPND signals were compared with each 

activation measurements.

Miniature Fission Chambers

Fission chambers (see Figure 8), which are 

deposit on the inner wall, offer another 

pulse from the neutron-induced reaction and 
can be used in either pulse or direct-current 
mode. Normally, highly enriched 235U is used 
for the coating, which makes the chamber 
sensitive to thermal neutrons. However, 
other deposits (such as 238U, 242Pu, or 232Th) 
can be used, providing a higher neutron 
energy cutoff. 

-
bers are used in pulse mode using current 

masses were chosen in order to provide a 
3 to 

105

chambers were also placed in Lucite tubes 

using the EGTs. 

Figure 8. CEA miniature ½ssion chambers and component sketch.

Figure 7. Representative SPND and component sketch.
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Testing

The experimental facilities developed for 

to be completed. Initial testing, which 
began in October 2010, included testing 
of activation foils and wires, SPNDs, and 

completed in this project. Each activity has 

with the detector evaluations (see Figure 

Flux Wires and Foils

for balanced critical shim positions at 600 

were conducted without any sensors in the 
N-16 position guide tubes. Twenty-minute 

120 watts average power per lobe (600 watts 
total core power), were required to complete 
a set of activation measurements.

the balanced shim position was conducted 

elements surrounding the northwest large 

wires were transferred to the collocated Radi-
ation Measurements Laboratory for detailed 
radiation counting to obtain the data required 

details related to activation foils testing can 

be found in [9] and [10].

Self-Powered Neutron 
Detectors

SPND evaluations were completed by insert-
ing the detectors into the six N-16 positions 
shown in Figure 9. Tests were completed for 

outer shim cylinders: (1) balanced, (2) unbal-

were obtained for at least four intermediate 
power levels between 1 mW and 600 W, as 

measurements were obtained by varying 
detector positions using the EGTs, as shown 
in Figure 11. These evaluations allowed the 
response and accuracy of each type of SPND 
to be compared. 

Fission Chambers

comparisons were completed by positioning 
the detectors in the N-16 positions shown 
in Figure 9. In these evaluations, tests were 
conducted by ascending to powers of 600 
watts with at least four intermediate power 
levels beginning at approximately 1 mW, 

in Figure 11 was measured by moving the 
detectors using the EGTs. 

Figure 9. Positioning of SPNDs and ½ssion chambers for initial evaluations.
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-
parisons were initiated in October 2010. Two 

with these initial evaluations. However, 
the 2013 evaluations were independently 
completed by INL and ISU researchers. 
These evaluations demonstrated that several 
sensors could be used to determine lobe 
power. Results from the evaluations are 
being assessed to determine the optimum 
sensor to measure regional core power in 

Summary 

to evaluate real-time, state-of-the-art, 

specialized instrument positioning hardware 
and associated software, was developed 
to facilitate these evaluations at INL’s 

have been and will, in the future, be used to 

measurements and power linearity measure-
ments have provided new data for use in 

This effort complements current activities to 

protocols, and in-core instrumentation under 
-

cation and Validation Upgrade Initiative. In 
addition, this research supplements work to 
replace nuclear instrumentation under the 

efforts to provide enhanced instrumentation 

Figure 10. Comparison of power linearity measurements from rhodium SPNDs and a miniature 
½ssion chamber from experimental Con½guration C.

Figure 11. Axial ¾ux pro½le from rhodium SPNDs and a miniature ½ssion chamber from 
experimental Con½guration C.
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The reactor experiment design and 
fabrication groups at Idaho National 

Laboratory (INL) implement customer 
requirements into safe, robust experiment 
assemblies and complete challenging 
irradiation experiments. The simplest type of 
irradiation experiment is termed a static cap-
sule, which is simply a sealed capsule placed 

experiment positions without instrument 
connections. This article describes the pro-
cesses used to design, fabricate, assemble, 
and irradiate a unique static capsule experi-
ment that met challenging requirements from 
the customer Luna Innovations, Incorporated 

this paper, irradiation that met customer 

completed in a capsule that was designed to 
facilitate low-cost shipping and lower-cost 
post-irradiation examination (PIE) activities. 
INL expertise allowed this challenging 
irradiation to be successfully completed at a 
cost that was 20% lower than the estimated 
budget. 

Introduction

The experiment design group supporting 

variety of U.S. Department of Energy (DOE) 
programs, as well as non-DOE programs. 
Small Business Innovation Research grants 
from DOE have supported Luna’s work in 

optic technologies for use in high-tempera-
ture reactor environments. The purpose 
of these single-point sensors is to make 
low-drift measurements of temperature 
and to provide both an alternative and a 
complement to thermocouples and resistance 

often restrict the use of resistance tempera-
ture detectors to monitoring temperatures 
below 400°C, and commercial thermocou-
ples have been observed to suffer both drift 
and insulation shunting errors when operated 
at elevated temperatures [1, 2]. 

Luna’s thermal sensor design uses an 

sensing element, which incorporates a 
radiation-hardened, metal-oxide transducer. 

in this sensor does experience radiation 
darkening due to atomic displacement and 
ionization from fast neutrons and high-en-
ergy gamma rays, as do all silica-based 

material; the measurement of temperature is 

transmission. 

Luna has conducted multiple tests of this 
type of thermal sensor in the Ohio State 
University (OSU) research reactor. Sensors 
based on this technology have been shown to 
have good survivability up to a fast neutron 

19 n/cm2 and 87 

will allow Luna to evaluate the performance 
of their sensors at high temperatures (up to 

to 8 x 1020 n/cm2. 

Innovation Research Phase III Project, INL 
developed and fabricated a unique capsule 
design, assembled the capsules containing 

the required irradiation. This paper describes 
processes used by INL’s reactor experiment 
designers to meet Luna test objectives. Pro-
cesses and analyses described in this paper 
illustrate INL capabilities for completing 
such challenging static capsule experiments. 

Capsule Design

more sensors be irradiated to fast neutron 
20 

n/cm2, and at temperatures ranging from 800 
°C to 1000 °C. In addition, Luna require-
ments necessitated that the test capsule 
incorporate materials with low neutron 
activation characteristics, such that after 
irradiation, the capsule could be shipped in 
a lightweight carrier and be disassembled 
in a shielded glove box. The INL design 
team evaluated available reactor positions 
and determined that a small B position, 

volume to meet Luna’s experiment objec-
tives (see Figure 1). Using this position, 

met in one 50-day cycle and nine sensors 
-

upon by INL and Luna is shown in Table 1. 
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The capsule design for the Luna experiment 
is shown in Figure 2. Primary capsule 
design objectives included: 1) protective 

from damage during handling and transport, 

mixtures that would yield the high irradi-
ation temperatures desired by Luna, and 
3) to keep shipping and PIE costs low, the 
irradiated capsules must meet Department of 

limits (thus, reducing capsule shipping costs 
and allow PIE activities to be completed in 
existing OSU facilities).

Figure 1. ATR core cross section showing B-8 position.

Table 1. Luna Experiment Test Matrix

Luna Experiment.  
Designation: Capsule ID

 
(low, medium, high)

Target Temperature** for Sensor 
(capsule centerline - °C)

Luna-9 Low 800

Luna-8 Medium 1000

Luna-7 High 800

Luna-6 High 1000

Luna-5 High 1000

Luna-4 High 800

Luna-3 High 1000

Luna-2 Medium 800

Luna-1 Low 1000
20 n/cm2 20 n/cm2 20 n/cm2. 

**Calculated temperatures are to be within ±50°C of target temperatures shown.
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Luna provided the primary protection for 

housed inside a vanadium sleeve (shown 

INL design team added graphite felt pads to 
cushion the sleeve axially and radially and 
added alumina balls and pins to thermally 
insulate the sensor package from the water-
cooled titanium capsule, as shown in Figures 
2 and 4.

The high irradiation temperatures were 
achieved by surrounding the sensor packages 

molybdenum (see Figure 4). Molybdenum 
was selected because it is essentially the only 
high-density, high-temperature material that 

molybdenum allowed the INL design team 
to meet shipping requirements in a relatively 
lightweight shipping package and also 
lowered the dose rates during handling and 
disassembly. Thermal analyses also allowed 
INL researchers to select an appropriate gas 
composition (a helium/argon mixture) that 
ensured the test was maintained at the values 

Figure 2. Luna capsule cross section.

Figure 3. Luna sensor packages.

Figure 4. Molybdenum heaters with sensors inside – ready to be installed in capsule bodies.
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Titanium was selected as the capsule shell 
material because it is easy to weld and acti-
vates less than many other common capsule 
materials, thus facilitating the requirement to 
meet Department of Transportation (DOT) 

titanium is a material that is approved 

Engineers Code for Class 3 nuclear vessels, 

Finally, titanium was selected because the 

capsules with different blends of inert gases 

Physics and Shielding Analyses 

analyses are required to determine the heat 
rates of the materials being irradiated and 
to calculate radioisotopic source terms for 
the capsules and contents after they have 
been irradiated. The quantities of radio-
isotopes produced were compared against 

shipments, and it was determined that after 
2 months decay time, all nine capsules could 
be shipped together in a single package and 

outside of the shipping package must also 
fall below certain limits. Luna provided a 
shielding container that incorporated 10 cm 
of lead shielding and weighed about 300 

meet the DOT dose-rate limits with a factor 

of two margin. Hence, these results allowed 
Luna to use this relatively lightweight ship-
ping container that could be accommodated 
in existing OSU PIE facilities (if a large cask 
had been required, it would have required a 
more extensive PIE facility with a heavy lift 
capability and a full hot cell). 

individual capsules and the various capsule 
components to determine if the capsules 
could be disassembled in a shielded glove 
box instead of a full hot cell. Results demon-
strated that the OSU shielded glove box 
could be used if the capsules were allowed to 
decay for about 7 months.

Thermal Analysis

Thermal analyses were performed for each 
of the nine Luna capsules to determine 

(and other capsule components) during 
normal reactor operation. Results from 
these analyses were used to determine the 
temperature-control-gas mixtures needed to 
attain the desired irradiation temperatures 
for the sensors. Various mixtures of helium 
and argon in 10% increments were evaluated 
to determine the best gas mixture for each 

Capsule 5 (at core mid-plane) is shown in 
Figure 5. Note that the largest temperature 
changes were in the gas gaps between the 
titanium capsule and molybdenum sleeve 
and between the molybdenum sleeve and 

that the alumina pins (see Figures 2 and 4) 
were effective thermal insulators between 
the capsule and its contents.

 

Figure 5. Temperature contour plot of Luna Capsule 5.
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Fabrication and Assembly

machining titanium and molybdenum, INL 
completed developmental machining work 
to ensure all components could be fabricated 
to the required tolerances. Results from this 
developmental work further enhances the 
ability of INL's experimental design and 
fabrication group to produce irradiation 
experiments using these relatively low 
activation materials. 

than an hour per capsule. Each capsule was 
then placed in a glove box (see Figure 6) 

Welding took place inside this glove box. 
These welds were made using a standard 
tubing welder placed in the glove box. The 

as-welded condition, these titanium welds 

a smooth polished appearance. These welds 
successfully passed the liquid penetrant 

Figure 6. Luna capsule being welded inside the glove box.

Figure 7. Nine Luna capsules—complete and ready for irradiation.
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and helium leak check (<1.0 E-07 cm3/sec) 
examinations with no rejects. 

Irradiation and Future 
Activities

The Luna capsules were irradiated for 52 

irradiation on July 13, 2013. The capsules 

(see Figure 8). Following the irradiation, the 

allowed to decay for 2 months. 

the capsules were placed in the shielded 
container provided by Luna. Figure 9 shows 
placement of the capsules in the shielded 
container during mock-up testing completed 
by INL; mock-ups are typical quality 
assurance processes performed by INL to 
ensure irradiation activities can be success-
fully completed. The shielded container was 

this arrangement, shipping can be completed 
by a commercial transport company, which 
is a considerably less expensive option than 
required for higher-consequence radioactive 
shipments that require a dedicated truck and 
driver. 

These various cost saving efforts, added 
together, allowed the INL project team to 
complete their scope at a cost 20% less than 
the originally agreed upon ceiling for the 
project. 

Figure 8. Luna experiment installed in the B-8 position of ATR.



101

 
Luna Innovations Irradiation Experiment

PIE for this experiment will be completed 
by OSU in a shielded glove box. Luna has 
performed time-motion studies to show that 
the capsule shells can be cut and the vana-
dium sheathed sensor packages extracted 

was selected as the sensor sleeve because of 
its extremely low activation under neutron 
irradiation. Once the sleeves have been 
separated from the capsules, they can be 
handled with gloved hands, allowing optical 
connections to be made to the sensors inside 
the sleeves. PIE activities will evaluate 

transmit a signal and assess the accuracy of 
the irradiated sensor signal. 

Conclusion

INL reactor experiment design and fabrica-
tion expertise are capable of implementing 
customer requirements into safe, robust 
experiment assemblies and completing 

discussed within this paper, an irradiation 
was completed that met customer high-tem-

capsule that was designed to facilitate low-
cost shipping and lower-cost PIE activities. 
INL expertise allowed this challenging 
irradiation to be successfully completed at a 
cost that was 20% lower than the estimated 
budget. 
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