IRRADIATION PERFORMANCE OF U-Mo MONOLITHIC FUEL
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High-performance research reactors require fuel that operates at high specific power to high fission density, but at
relatively low temperatures. Research reactor fuels are designed for efficient heat rejection, and are composed of assemblies of
thin-plates clad in aluminum alloy. The development of low-enriched fuels to replace high-enriched fuels for these reactors
requires a substantially increased uranium density in the fuel to offset the decrease in enrichment. Very few fuel phases have
been identified that have the required combination of very-high uranium density and stable fuel behavior at high burnup. U-
Mo alloys represent the best known tradeoff in these properties. Testing of aluminum matrix U-Mo aluminum matrix
dispersion fuel revealed a pattern of breakaway swelling behavior at intermediate burnup, related to the formation of a
molybdenum stabilized high aluminum intermetallic phase that forms during irradiation. In the case of monolithic fuel, this
issue was addressed by eliminating, as much as possible, the interfacial area between U-Mo and aluminum. Based on scoping
irradiation test data, a fuel plate system composed of solid U-10Mo fuel meat, a zirconium diffusion barrier, and Al6061
cladding was selected for development. Developmental testing of this fuel system indicates that it meets core criteria for fuel
qualification, including stable and predictable swelling behavior, mechanical integrity to high burnup, and geometric stability.
In addition, the fuel exhibits robust behavior during power-cooling mismatch events under irradiation at high power.

KEYWORDS : U-Mo, Monolithic Fuel, Research Reactor, Dispersion, Irradiation Testing, Low-enriched Uranium

1. INTRODUCTION

High-performance research reactors require fuel that
operates at high specific power to high fission density,
but at relatively low temperatures. Research reactor fuels
are designed for efficient heat rejection, and so are largely
composed of assemblies of thin-plates that use aluminum
alloy cladding. Inside the cladding, the fuel core (often
called the fuel meat) is typically composed of fuel particles
dispersed in an aluminum matrix. Theses fuels are referred
to as ‘dispersion’ fuels (Fig. 1).

Cladding

Matrix
/ Fuel Particles

Dispersion Fuel
Fig. 1. Schematic Dispersion Fuel Cross-section (Not to Scale).
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The development of LEU (low-enriched uranium) fuels
for high-performance research reactors is an important
nonproliferation objective.' The replacement of HEU (High-
Enriched Uranium) research reactor fuel with LEU fuel
results in the avoidance of several hundred kilograms of
HEU commerce annually. The development of these LEU
fuels requires increased uranium density in the fuel to offset
the decrease in enrichment. A suitable high-uranium-density
fuel phase must therefore be identified, developed as part
of a fuel system, and qualified for service. Conversion of
reactors that currently use HEU must occur without
significant impact to reactor mission performance, safety,
or operating cost.

Research reactor fuels operate at low peak fuel tem-
peratures but are required to meet fuel performance
requirements to high burnup. Typical peak fuel centerline
temperatures are less than 250°C, with fuel in most reactors
operating at significantly lower temperatures. Required
peak fuel phase fission densities are typically in the range
of 3x10”' to 6x10”' f/cm’. In a few cases, peak fuel phase
fission density requirements exceed 7x10?' f/cm’, approach-
ing depletion of all initial **U atoms. There are few fuel
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phases that have the combination of very-high uranium
density and stable fuel behavior to the high burnup required
for fuels suitable for conversion of these high power density
reactors. The two classes of fuels that approach or meet
uranium density requirements are gamma stable uranium
alloys with 10 wt.% or less alloy content and the class of
UsMe ordered i ntermetallic phases (Me = transition
metal). Of these two fuels, UsFe and UsMn** have been
evaluated through irradiation testing, and have demonstrated
undesirable breakaway swelling behavior at fuel phase
fission densities on the order of 3x10* f/cm?, far short of
the requirements for LEU conversion fuels. It is likely that
other UsMe compounds will exhibit the same behavior.

2. PRIOR U-MO FUEL DEVELOPMENT EFFORTS

A variety of reactor types have utilized U-Mo metallic
alloy fuels in the past, because of the combination of high
uranium density and material properties. Beginning in 1960,
U-Mo alloys were used in pulsed reactors Godiva IV at Los
Alamos, VIPER in England, the Health Physics Research
Reactor at Oak Ridge, Super Kukla at the Nevada Test
Site, the Fast Burst Reactor (FBR) at White Sands, the
Army Pulsed Radiation Facility (Aberdeen, MD), and the
Sandia Pulsed Reactor II. Two used o-phase U-1.2 wt% Mo.
The other five used y-phase U-10wt% Mo. The higher alloy
content (10 wt%) fuel eliminated anisotropy in properties
and increased material strength. Fuels were pulsed to
temperatures as high as 600°C, but because of the short
irradiation times, the effects of fuel burnup were minimal.*

Another early application was for the Organic Moderated
Reactor (OMR) at the Piqua Nuclear Generating Station
in Ohio (the site was built and operated between 1963 and
1966 as a demonstration by the Atomic Energy Commission).
The fuel element was built using cast U-3.5Mo-0.1 Al
cylindrical plates, with aluminum fins to enhance cooling
efficiency.’ This and a flat-plate fuel design were both consid-
ered and tested to prove a life expectancy of S000MWd/MTU
peak burnup at a specified peak-fuel centerline temperature
of 454°C.° The plant operated for about three years, but
was shut down because of flow blockage and control-rod
sticking caused by irradiation effects on the organic coolant.

The Dounreay Fast Reactor (criticality, 1959; full power,
1963) used a number of metal-fuel- based designs. These
included U- 9.1 wt% Mo and then U-7 wt% Mo clad in
niobium. The 9.1-wt%-Mo fuel swelled slightly less than
the 7 wt%-Mo alloy, but the more highly alloyed fuel
cracked more and, with an increase in the number of
experiments being placed in DFR, there was a need for
higher uranium density; thus the U-9.1Mo alloy was aban-
doned. All of these fuels were of annular design, clad inside
and out. Some of the designs, when operated in certain areas
of the reactor, achieved reasonably high burnups (4-9 at%)
without breach of the cladding before accommodation of
swelling was designed into fast-reactor fuels.’
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The EFFBR (Enrico Fermi Fast Breeder Reactor) was
the first commercial fast reactor. A 200 MWt (60 MWe)
three-loop design, it was approved by the AEC in 1955
and operation at 100 MWt began in July 1966. The fuel
was U-10Mo, sodium-bonded to Zircaloy cladding. The
EFFBR fuel prototypes were tested thoroughly before
use to demonstrate that the U-10Mo alloy could perform
to reactor design specifications;® the primary concern was
to ensure that the fuel would maintain the y-phase during
operation. A series of experiments mapped the fission rate
and temperature dependence of y—phase stability. U-Mo
has also been studied for potential use in light water reactors
in Russia and the United States. A number of U-alloy fuels
have been tested, including U-9Mo in a zirconium alloy
matrix and in a magnesium matrix.>"

The Hallam Nuclear Power Facility (HNPF), a graphite-
moderated sodium-cooled reactor of 240 MWt, operated
from 1962 to 1964 in Nebraska. HNPF fuel consisted of
U-10Mo cylindrical rods sodium bonded to stainless steel
cladding. Fuel development and testing was carried out
by Atomics International in Idaho at the Materials Test
Reactor (MTR)."

3. URANIUM ALLOY FUEL BEHAVIOR

In the operating temperature range of interest to research
and test reactor applications (below ~250°C), unalloyed
uranium exists in the anisotropic (orthorhombic) a-U phase.
a-U exhibits dimensional instability under irradiation in the
form of anisotropic growth and swelling. This anisotropic
dimensional change in individual grains (in a polycrystalline
sample) results in mismatched strains at the microstructural
level. The stress developed due to these mismatched strains
can be released by tearing or cavitation at grain boundaries.
v-U has a bce (body centered cubic) crystal structure and
exhibits isotropic swelling behavior, which eliminates this
issue. The y-U phase is stable in the temperature range of
776°C to the melting point of uranium (1135°C). Alloying
with molybdenum (and certain other elements) results in
a sluggish transformation from y-phase to the equilibrium
phases on cooling.

Extensive studies and characterization of U-Mo alloys
have investigated the transformation kinetics!!*!4!151617.18.19
of the U-Mo system in the uranium-rich region of the phase
diagram. The decomposition rate of the y-phase on cooling
is a function of the Mo concentration in the alloy. Early
studies by Pfeil,” Saller et al.,"*** Ivanov et al.** and
Dwight et al.* focused on the y-U—(a-U + v’ (U,Mo))
decomposition. Howlett et al.,”® Repas et al.”” and Goldstein
et al.”® developed TTT (Time-Temperature-Transformation)
diagrams for U-Mo alloys, ranging from 2.5 to 14 wt.%
Mo. Certain ternary element additions, including Pt and
Ru, in combination with Mo can further increase the y-
stabilizing effect. Re, Pd, and Os are other potential can-
didates.®***' This increase in gamma stability comes at

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.46 NO.2 APRIL 2014



no cost in terms of density, however it does not appear to
be necessary for ensuring stable irradiation behavior in
U-Mo fuels, because of the occurrence of irradiation-
induced phase reversion, discussed below. The class of U-
Nb-Zr alloys also exhibits sluggish y-phase decomposition
behavior.”**** Time-temperature-transformation plots for
U-Mo based alloys and a lower-density U-Nb-Zr alloy
are shown in Figure 2.

The relationship between y stability and uranium density
for U-Nb, U-Nb-Zr, and U-Mo alloys is plotted in Figure 3.
Because both high density and the largest region of y-phase
metastability are desirable, U-Mo alloys represent the best
tradeoff in these properties for LEU research reactor fuels.

During irradiation, provided sufficient alloy content and
fission rate, U-Mo alloys will revert from the equilibrium
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Fig. 2. The Relationship between Alloy Content, Time, and Start
of Decomposition from the y-U Phase for Alloys of Interest for
Research Reactor Fuel.
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Fig. 3. Tradeoff between Uranium Density and Gamma Stability
(Indicated by the Nose of the Time-temperature-transformation
Diagram) for U-Nb, U-Nb-Zr, and U-Mo Alloys.
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a-U + U,Mo (y') phases (or intermediate phases formed
during decomposition of the y(U-Mo)phase) back to the
metastable y(U-Mo phase).**® This behavior is hypothesized
to be the result of fission spikes that induce disordering
of the y' (U-Mo) phase and mixing at the atomic level to
produce a homogeneous composition of uranium and
molybdenum in the y phase. The required fission rate for
phase reversion decreases with temperature below the nose
of the time-temperature-transformation curve, consistent
with the tendency for longer times prior to decomposition
of the metastable phase at lower temperatures.

Ten fuel alloys were selected for initial irradiation
testing on the basis of the stability of the y-phase, uranium
density, neutron absorption cross-section, stability against
reaction with the aluminum matrix, and stability under
irradiation. The test matrix from the initial (RERTR-1 and
RERTR-2) experiments is provided in Table 1. Test fuel
plates in the RERTR-1 test train were irradiated to a burnup
of approximately 40% to provide an initial indication of
performance. The RERTR-2 test extended irradiation to
approximately 70% burnup. Both tests were conducted at
moderate fission power levels and fuel loadings of approx-
imately 4.8 g-U/cm® to reduce the risk of experiment failure,
since behavior of these fuels under high-burnup conditions
had not previously been tested.

The behavior of fuel alloys was consistent with expec-
tations based on y-phase stability.”” A series of optical
micrographs that illustrates the differences in behavior in
U-10Mo, U-6Mo, U-4Mo, and U-5Nb-3Zr alloys after
irradiation are shown in Figures 4 and 5. In general, alloys
that contained more than 6 wt.% Mo exhibited acceptable
irradiation behavior under these conditions, exhibiting a
small and uniform fission gas bubble population that
indicates stable swelling. There was minimal reaction of
the fuel with the aluminum matrix. U-4Mo (Fig. 4 (c))
formed large fission gas bubbles that are beginning to
interlink, indicative of the first stages of breakaway
swelling, at approximately 70% *°U burnup. U-5Nb-3Zr
(Fig. 5) exhibited behavior similar to U-4Mo, but beginning
at a burnup of approximately 40% **°U. On this basis, U-Mo
alloys were selected as the fuel phase for development of
very-high-density dispersion fuels.

Table 1. Initial Test Matrix to Determine the Feasibility of U Alloy

Fuels
U-Mo alloys U;;I:};SZr Ternary alloys | Other fuels
U-10Mo | U-9Nb-3Zr | U-6Mo-1Pt U.Mo
U-8Mo U-6Nb-4Zr | U-6Mo-0.6Ru U,Si,
U-6Mo U-5Nb-3Zr | U-10Mo0-0.05Sn
U-4Mo
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Fig. 4. Comparison of the Irradiation Behavior of U-Mo Alloys
at Approximately 70% **U Burnup: (a) U-10Mo, (b) U-6Mo, (c)
U-4Mo. Scale Bar Indicates 50 Micrometers.

[ ot

Fig. 5. Microstructure of Irradiated U-5Nb-3Zr Alloy Irradiated
to Approximately 41% **U Burnup. Scale Bar Indicates 50
Micrometers.

4. U-MO DISPERSION AND MONOLITHIC FUELS

Subsequent higher power, high-burnup testing of
aluminum matrix U-Mo dispersion fuel revealed a pattern
of breakaway swelling behavior at intermediate burnup.
Breakaway swelling is defined by a span of stable fuel
behavior, followed by a rapid or unpredictable transition
to high swelling behavior. Post-irradiation examination
of the U-Mo dispersion fuel microstructure revealed that
the high swelling was related to the formation of a ternary
[(U-Mo)Alx] aluminide phase that had formed by reaction
of the U-Mo fuel particles with the aluminum fuel matrix
during irradiation (see, for example).***** Reaction between
the U-Mo and aluminum occurs during irradiation at high
power, resulting in the formation of the medium gray (U-
Mo)Alx phase. This phase releases fission gas at the boundary
between the interaction phase and the aluminum matrix.
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Fig. 6. Depiction of Monolithic Fuel Cross-section (Not to Scale).

These gas bubbles tend to agglomerate into gas pockets,
which have the combined effect of weakening the fuel
meat in the through-thickness direction while exerting
internal gas pressure. The result is a mechanical failure
of the fuel meat, resulting in fuel plate delamination and
a large plate thickness increase.

Microstructural examination of failed fuel plates shows
uniformly that the U-Mo fuel particles have behaved well,
in contrast to the (U-Mo)Alx reaction product formed in
reactor. Eliminating the (U-Mo)Alx related failure mode
involves eliminating or stabilizing the (U-Mo)Alx phase.
At least four methods have been experimentally evaluated.
These include: (1) Coating the U-Mo particles to prevent
interaction with the matrix*', (2) modifying the solid state
chemistry of the aluminum/uranium/molybdenum system,*
(3) substituting the aluminum matrix in the fuel core with
an alternative matrix material (magnesium)* or (4) elimi-
nating the matrix entirely. Elimination of the matrix, (4)
results in a laminated structure in which a U-Mo foil is
encapsulated by and bonded to the aluminum alloy cladding.
This fuel type is referred to as ‘monolithic U-Mo fuel’
(as opposed to a dispersion of U-Mo particles in aluminum).
Figure 6 provides a depiction of a cross-section of the
monolithic fuel design.

5. MONOLITHIC FUEL FABRICATION

Any new nuclear fuel first requires the development
of conceptual fabrication technology to prepare samples
for irradiation testing. The first monolithic fuel mini-plates
were produced using hot rolling processes similar to those
used for dispersion fuel plates. These plates were then
irradiated in the Advanced Test Reactor (ATR) at Idaho
National Laboratory (INL) to evaluate the behavior of
the fuel design. Based on the generally good irradiation
behavior observed,* an effort to further develop monolithic
fuel technology began.

A variety of fabrication techniques were evaluate
and, in some cases, carried through irradiation testing.
Monolithic fuel is fabricated, in general by (1) alloying and

d45,46,47,48
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casting, (2) foil rolling, 3) bonding of the cladding, and (4)
finishing and inspection for quality assurance. Fabrication
processes for monolithic U-Mo fuel are continuously being
refined; the following paragraphs provide an outline of
the process.”

Alloying is typically performed through vacuum
induction melting (VIM) or arc melting of uranium and
molybdenum metals at a temperature of ~1300-1500°C.
The molten alloy is typically cast into a coated graphite
book mold. The casting is surface machined into a ‘coupon’
of the appropriate size for reduction into a foil though hot
and cold rolling.

Foil fabrication involves reducing the thickness of a
cast alloy coupon to the desired fuel foil thickness while
simultaneously bonding the Zr barrier layer to the surface
of the U-Mo. Hot rolling operations are conducted with
the alloy temporarily encapsulated in a steel rolling can.
This allows the material to be heated to 650°C in air without
oxidizing the fuel alloy and the Zr. After decanning, the
resulting U-10Mo fuel foil, bonded to two thin (0.025 mm)
layers of zirconium, sandwiched between two sheets of
aluminum and placed in a steel can for HIP (Hot Isostatic
Press) processing. The HIP process is typically conducted
at a temperature of 560°C for a time of 90 minutes or longer.
The HIP can is cut open; the bonded plates are removed,
and the plates are finished to final dimensions and inspected.

6. MICROSTRUCTURE AND INTERFACES

The microstructure of U-Mo foil depends on feedstock
impurity content, the starting condition of the fuel coupon,
and the rolling schedule as discussed in [50]. The size and
morphology of the grains that comprise the bulk U-10Mo-
alloy foil microstructure depend on the thermo-mechanical
treatments that are used during fuel-plate fabrication.
Molybdenum depleted and enriched regions in the as-cast
microstructure resulting from solidification from the melt
become elongated features during rolling, and bands of
differing Mo concentration can be observed in the final
foil. These bands can be several to tens of microns thick
and can exhibit a variation of 2-3 wt% Mo throughout
the foil in an as-fabricated fuel plate. Decomposition of
the original gamma (U,Mo ) phase results in a lamellar
structure comprised of a-U and y'-phase. These lamellar
structures can also manifest themselves as bands within
the foil microstructure.

A key feature that defines the irradiation performance
of monolithic fuel is the interface between the fuel meat
and the cladding. Good bonding between the fuel meat
and cladding throughout irradiation ensures good thermal
conductivity and that fuel-plate ‘pillowing’ during irradiation
does not occur that may result in cooling channel restriction
or fission product release. Although the fuel/clad interface
temperature is low in monolithic fuel, fission gas bubble
formation and interlinkage at the U-Mo/Al interface has
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been observed® in the aluminum-rich U-MoAlx reaction
product that has formed at the U-Mo/Al interface. Because
the mechanical stability of the fuel-to-cladding interface
is critical to maintaining acceptable fuel performance, two
methods were developed to mitigate this potential failure
mode. Early testing performed on dispersion fuel-meat
designs demonstrated that the addition of small amounts
of silicon to the aluminum matrix could be used to suppress
the growth of the interaction layer and appears to stabilize
the interaction layer that forms.”>* Based on these obser-
vations, fuel designs were developed and tested to evaluate
performance of a silicon-enriched interface. Testing of this
design revealed that fuel-to-cladding bonding was weak
after irradiation.

The second design approach was based on minimizing
interaction between the U-Mo fuel foil and the cladding
through introduction of a diffusion barrier. A barrier
thickness of 25 um was selected to exceed the maximum
fission fragment recoil range (~9 um in Zr) and to allow
for inherent thickness variability in the manufacturing
process. Zirconium, niobium, and molybdenum were
considered as barrier materials. Based on the performance
of early irradiation tests with zircaloy clad U-Mo mini-
plates® and coated particle testing® coupled with the
successful application of Zr to the fuel foil using a hot
co-rolling process, the Zr-barrier-based design was selected
for qualification.

The U-Mo/Zr interface contains multiple phases that
develop during the interdiffusion that occurs between U-
10Mo and Zr during the co-rolling and HIP processes. U-
Mo-Zr ternary phase diagrams have been determined by
Ivanov and Bagrov for isothermal temperature of 500,
575, 600, 625, 650, 675, 700, 750 and 1000°C.**" The
575°C and 650°C diagrams can be used to predict the phases
and diffusion paths that may be observed in a diffusion
zone that develops at the U-10Mo/Zr interface during co-
rolling and HIPing. Systematic diffusion-couple experiments
have been performed at 600, 650, 700, 800, 900, and 1000°C
using U-10Mo and high-purity Zr.*® Significant inter-
diffusion was observed for all the couples annealed at
700°C or higher. Negligible interdiffusion was observed
at 600°C. The Arrhenius temperature dependence of growth
rate for the interdiffusion zone found in the diffusion couples,
U-10Mo vs. Zr, is presented in Figure 7. The measured
growth rate at 800, 900, and 1000°C and calculated values
at 500, 600, and 700°C are shown.

Perez et al. used transmission electron microscopy (TEM)
to investigate the phases at the U- 10Mo/Zr interface in
an as-fabricated DU-10Mo monolithic fuel plate® with Zr
diffusion barrier fabricated as part of the AFIP-3 experiment.
A schematic diagram representing the main phases observed
at the U-10Mo/Zr interface for the characterized sample
is presented in Figure 8. Phases observed near the U-10Mo
interface with the Zr diffusion barrier include: UZr,, y-UZr,
Zr solid solution and Mo,Zr phases. Small amounts of a-U
were also observed in the Mo depleted zone that forms.
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Fig. 8. A Schematic Representation of Microstructure at the
Interface between a U-10 wt.% Mo Fuel Plate and Zr Diffusion
Barrier.

The Zr/Al-6061 cladding interface must also be well-
bonded and stable. This multi-phase zone develops during
HIP processing. Ten different binary Al-Zr intermetallic
compounds exist, eight of which are low-temperature
phases,* however, only two phases have been experimentally
observed at temperatures below the melting point of
aluminum (660°C). The binary Al-Zr system has not been
exhaustively investigated in the o-Zr region. In 1964, Kidson
and Miller noted the formation of only one intermetallic,
ZrAl,, in the temperature range of 553-640°C during
interdiffusion experiments. In 2004, Laik et al. published
results in which they used EPMA to identify, not only the
formation of ZrAl; between 565-625°C, but also the for-
mation of Zr,Al; at temperatures above 600°C.*" No further
investigation into this discrepancy has been conducted.

Results of recent diffusion experiments performed
between Zr and AA6061 cladding are reported in [62]. In
the AA6061 vs. Zr couples annealed at and above 560°C, a
thick layer of (Al,Si);Zr phase with low Si content was
observed to develop, while thinner layers of AlsSiZr, and
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Fig. 9. Schematic Representation of Microstructure at the
Interface between the Zr Diffusion Barrier and Al-6061.

(ALSi).Zr phases developed at the AA6061/(Al,Si);Zr and
(ALSi):Zr/Zr interfaces, respectively. Negligible diffusional
interaction between AA6061 vs. Zr was observed at 450°C.
These results indicate that Zr is an attractive option for use
as a diffusion barrier with proper selection of temperature
for thermo-mechanical processing and thermal annealing.

TEM examination has also been conducted on as-
fabricated U-Mo monolithic fuel plates to determine the
phases present at the Zr/Al-6061 interface during production.”
A schematic diagram representing the main phases observed
at the Zr/Al-6061 interface for the characterized sample
is presented in Figure 9.

7. IRRADIATION BEHAVIOR

LEU-Mo monolithic fuel plates must exhibit mechanical
integrity, geometric stability and stable and predictable
swelling behavior during irradiation to prevent coolant flow
blockage and/or release of fission products. The key
phenomena that can impact the dimensional stability and
robustness of a fuel plate during irradiation are fuel swelling,
transformation of radiation-stable phases into unstable
phases, radiation-enhanced diffusion between dissimilar
materials resulting in the formation of unstable phases,
creep of materials, and mechanical-property degradation.

Fuel swelling is driven by solid and gaseous fission
products. Solid fission product swelling is caused by the
increase in the volume of solid fission products relative to
the volume of uranium atoms. It is dependent on burnup in
a linear manner, and independent of temperature and fuel
alloy content® for a given uranium density.

The gas-driven fuel swelling rate is low at fission
densities less than 3 x 10”7 fissions/m’. Initially, fission
gas in U-Mo precipitates in a fcc (face-centered-cubic)
superlattice of nano-size bubbles that are registered on
the underlying bee U-Mo crystal lattice.*** Gas bubbles
are approximately 3 nm in diameter and are arrayed on a
uniform face-centered cubic lattice, with a lattice parameter
of approximately 12 nm (Figure 10). Although gas remains

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.46 NO.2 APRIL 2014



Fig. 10. Nano-scale Fission Gas Bubbles in U-Mo at 3x10*'
fissions/cm’.

contained in the fission gas bubble lattice in regions of the
microstructure at fission densities upwards of 4x10*/m?, at
a fission density between 2.5 x 10%7 and 3.5 x 10 fissions/m’,
gas-driven swelling increases in importance. This transition
is attributed to grain refinement or ‘recrystallization’, which
provides additional defect sites for fission gas bubble
formation.®**” As grain refinement progresses at higher
burnup, more grain surfaces become available for bubble
formation and growth. Some of the nano-bubbles appear
to contribute to the formation of larger bubbles in the
intergranular regions. The nano bubble supperlattice near
the grain boundaries is gradually destroyed as nano bubbles
near boundaries coalesce to form micron-scale bubbles in
the intragranular regions. At higher fission densities, localized
regions of the crystalline, y-(U,Mo0) phase can become
amorphous, as observed using TEM.

The combination of solid fission product swelling
and gas-driven swelling results in the recommended fuel
swelling correlations® provided in equations (2) and (3):

Equation (1): AV/Vo = 5.0f»
for fp < 3x107 fissions/m’

Equation (2): AV/Vo = 15 + 6.3(f»-3) + 0.33(f»-3)*
for fp > 3x10 fissions/m’

Where fp Fission density is in 10*" fissions/m’. The
correlations show mild non-linearity; the fuel-swelling rate
increases slightly as fission density increases caused by
the increasingly important role of micron-scale fission-gas
bubbles. It is important to note that no indications of break-
away swelling have been observed in U-Mo fuel irradiated
to fission densities higher than achievable for LEU fuel.

An example of the evolution in microstructure is
provided in Figure 11, along with corresponding swelling
data provided in Figure 12, measured by immersion density.
These data are from the RERTR-12 test, where fifty-six
monolithic fuel test plates where irradiated under a range
of conditions applicable to U.S. high performance research
reactors. At fission densities in the range of 2.2x10” to
4.0x10% f/m’, little microstructural change is apparent
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(e) ®

Fig. 11. Evolution of U-10Mo Monolithic Fuel Microstructure as
a Function of Local Fission Density (107 f/m’). (a) 2.2, (b) 4.0,
(¢)6.2,(d) 7.2, (e) 8.4, () 9.5.
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Fig. 12. Plot of U-Mo Swelling Measured using Immersion
Density vs. Average Fission Density. The Solid Line Depicts the
Swelling Correlation of Equations (1) and (2). Note that Plates
Exhibit Failure in Regions of Highest Fission Density, Typically
> 20% Higher than Average Fission Density.

using optical metallography. Microstructural changes can
be observed using SEM and TEM.®" As fission density
increases from 4.0x10” f/m’ to 6.2x10%7 f/m’, grain refine-
ment occurs and formation of micron-scale porosity is
visible in some regions near the U-Mo/Zr interface. At a
local fission density of 7.2x10” f/m?®, grain refinement has
occurred throughout the majority of the microstructure,
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Foil end

Bulge region

Fig. 13. Optical Micrograph of Metallographic Section of the Edge Region of a Monolithic Fuel Plate. The Thick Region of the Plate
Interior to the Constrained end of the Foil forms because of Irradiation-enhanced Creep.

resulting in the formation of microporosity throughout
the U-Mo fuel meat; note also the lack of porosity at the
U-Mo/Zr interface in this region. A fission density of
7.8x10 f/cm’® represents complete burnup of all the initial
U atoms in LEU-10Mo fuel; fission density exceeding
complete LEU burnup was achieved by using uranium of
higher enrichment. Growth of micron-sized bubbles in
the bulk regions of the fuel continues as fission increases
to 8.4x107 f/m* (11(e)). Delamination of the fuel near the
U-10Mo/Zr interface occurs at a local fission density of
9.5x10% f/m’, resulting in a fuel plate volume increase.
Note that plate failures occur in the regions of the fuel
plates with the highest fission density, typically >20% above
the average fission density. Peaks in fission density are
caused by power peaking at the ends and edges of fuel
plates in this test configuration. The swelling and failure
behavior is consistent for all plates in this test series, showing
delamination at the same threshold value in the region of
highest fission density, indicating that the fuel system
exhibits predictable behavior and maintains mechanical
integrity to burnup levels achievable with LEU.

Irradiation enhanced creep is a second key phenomenon
that makes the monolithic fuel system viable. Fuel foils
are constrained from swelling in the plane of the fuel
plate by the cladding rails, and examination of irradiated
fuel plates shows that little or no dimensional change is
measured in this plane. An increase in the volume (swelling)
of a thin plate constrained at all four edges and capable of
plastic deformation results in a thickness increase, as shown
in the metallographic cross section of Figure 13. Virtually
all swelling is manifested in the fuel-meat thickness.

The maximum foil thickness increase occurs away
from the edge of the plate, and is larger than can be
explained by fission-product swelling, as plotted in Figure 14.
The formation of this thick region can be explained by
irradiation enhanced creep of the fuel,”' driven by the
stress that builds up at the rail constraint caused by fission-
product swelling. Swelling at the plate edges is lower than
expected, due to the constraint of the plate rail. Fuel moves
inward by irradiation-enhanced creep to form the thick
region approximately 3 mm from the edge of the foil. The
recommended relationship for irradiation enhanced creep
is:

€r = Aofr
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Fig. 14. Comparison of Expected (Solid Line) vs. Measured
(Points and Dashed Line) Plate Swelling Across the Width of a
Miniplate.

where A = 500 x 10% cm’/MPa, o is stress in MPa, and
fr is the average fission rate in the fuel in fissions/m’-s. It
should be noted that there is considerable uncertainty in
the value of the creep rate constant (A).

8. DEMONSTRATION OF PERFORMANCE

The AFIP-6MKII test demonstrated the mechanical
integrity, geometric stability, and predictable behavior of
full-size U-Mo monolithic fuel to very high powers and high
fission densities. This test operated at a peak beginning-
of-life heat flux of 5,700 kW/m? (corresponding to a peak
volumetric power of 35 MW/m?) to a peak fission density
of 4.3x10? f/m’. Postirradiation ultrasonic and visual
images are shown in Figure 15. No indications of inadequate
performance in the form of blistering, warping, or high
swelling were detected using ultrasonic testing and visual
examination.

Geometric stability of fuel plates against bowing or
deflection during irradiation that might result in coolant
channel restrictions was demonstrated by measuring the
changes in coolant channel gap geometry of a four plate
model demonstration fuel element as a function of burnup.
The fuel element design for this test is depicted in Figure 16.
Channel gap widths were measured using a specially
designed ultrasonic probe prior to irradiation, between
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Fig. 15. Postirradiation Visual Examination (Top) and Ultrasonic
Examination (Bottom) of AFIP-6MKII Fuel After Irradiation to
4.3x10” f/m’ at a Peak Power of 35 MW/m’. No Indications of

Delamination, Blistering, Warping, or High Swelling were
Observed.
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Fig. 16. (a) Drawing of Fuel Element Configuration used to Test
Geometric Stability. (b) Channel Gap Width Measurement
Traces Prior to Irradiation and after the First and Second Cycles
of Irradiation. The Y-axis Indicates Channel Gap Spacing in
Inches, the X-axis Indicates Position along the Length of the
Water Channel (Dimensionless).

irradiation cycles, and after irradiation, and indicate a
maximum deflection of less than 0.1 mm after irradiation
to a peak burnup of 3.3x10% f/m’.
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9. OFF-NORMAL BEHAVIOR

The response of the fuel during irradiation at conditions
well in excess of normal operating conditions’ is an
important feature demonstrated by the AFIP-6 irradiation
test. This test was performed as a ‘bounding case’ test
meant to envelope the key operating conditions (power
and burnup) for the highest power U-Mo monolithic LEU
fuel designs. The experiment had nearly completed the
first of two planned irradiation cycles when minor fission
product releases to the ATR primary coolant system were
identified, resulting in termination of the test at a peak
fission density of 3.5x10” f/m’. Subsequent detailed thermal
hydraulic analysis of the experiment indicated that the
combination of the high operating power and test vehicle
configuration led to high operating temperatures for the
fuel plates. This elevated temperature led to accelerated
surface corrosion which resulted in a thick, low thermal
conductivity oxide layer that resulted high fuel temperatures.

Surface heat fluxes for this test as a function of time
are shown in Figure 17, and peak at approximately 500
W/cm? at beginning of life. Fuel thermal conditions are
calculated by coupling plate power conditions with oxide
thickness measurements. Eddy current measurements of
oxide thickness were indicated a peak oxide thickness of
240 um, more than an order of magnitude thicker than
typically measured. The fuel meat temperature profile is
very sensitive to the thermal conductivity of the oxide layer.
The relatively thin layer of boehmite on the surface has a
thermal conductivity value of approximately 0.0225 W/cm/K
but beneath this layer is a relatively thick, complex layer
aluminum oxide, aluminum, and porosity. The thermal
conductivity of this material was estimated by treating it
as a two-phase system where the remaining aluminum is
dispersed in an oxide matrix using a modified Hashin
and Shtrikman correlation.” Based on these estimates, it
is likely that the fuel plates operated at a peak fuel meat
temperature approaching 500°C (Figure 18). The fuel
plate was designed to operate below 225°C (see Fig. 18).

ATR stack gas activity monitoring indicated that
approximately five discrete releases occurred over the
last 11 days of operation, as shown in Figure 19. Visual
examination of the fuel plate surface showed variable
surface oxide thickness from the plate top to bottom. At
the top of the fuel zone a region of typical oxide conditions
was observed. This region was followed by a region that
covered most of the fuel plate’s fuel zone and consisted
of a dark, rough textured layer that covered the hottest
regions of the fuel plate, indicating that a thick oxide layer
had formed. In-canal ultrasonic examination was performed
to further characterize the surface morphology and internal
features of both fuel plates. The examination confirmed
the presence of delaminated regions of the fuel plate. The
black spots shown on Figure 20 are the delaminated areas.
Ultrasonic measurement of the local plate thickness in
the areas where delaminations occurred indicated the
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As-Run Heat Fluxes for AFIP-6A Fuel Plate
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Fig. 17. Calculated AFIP-6 Fuel Plate Surface Heat Flux at Beginning of Life and 18, 28, and 39.3 Days of Irradiation.
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178 NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.46 NO.2 APRIL 2014



(@) (b)(©)(d) ()
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Fig. 21. Metallographic Images of Blister Cross-sections (a)
Transverse Blisters at Lower end of Fuel Plate and (b)
Longitudinal Blisters in Center Region of Plate.
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Fig. 22. The Estimated Range of in-reactor Blister Temperatures for AFIP-6 Plotted with Data from Out-of-pile Blister Tests of U-Mo
(Squares) and U;Os (Diamonds).

presence of increased thickness in these areas, consistent
with fuel blistering. Metallographic images (Figure 21)
confirm that blisters formed in the U-Mo fuel meat, and
that the fuel/cladding interface did not delaminate. These
blisters were observed to form in the peak power regions
of the plates (e.g. along the edges of the fuel at core centerline
and at the plates lower end) where the temperature and
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fission density were at a maximum. Fission product releases
observed during irradiation were likely caused by these
thermally induced blisters. The morphology of the pores
observed during metallography also support this gas release
mechanism. These in-reactor blister threshold temperatures
are consistent with those measured out-of-pile for other
research reactor fuel types, as shown in Figure 22.
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10. SUMMARY

Based on scoping irradiation test data, a low-enriched
uranium monolithic fuel plate system composed of solid
U-10Mo fuel meat, a zirconium diffusion barrier, and
Al6061 cladding was selected for development as a low-
enriched uranium research reactor fuel. Developmental
testing of this fuel system indicates that it meets core
criteria required to continue with fuel qualification. These
criteria include stable and predictable swelling behavior,
demonstrated mechanical integrity to high burnup, and
geometric stability of the plates to the fission density required
for research reactor fuel element designs for specific
reactors. In addition, the fuel exhibits robust behavior
during reduced flow events when under irradiation at high
power. Fabrication technology development is underway
to allow scale up for commercial production. Fabrication
process variants will be tested in the MiniPlate-1 irradiation
beginning in 2017. A specific process variant will be
selected for qualification through a series of tests that
further demonstrate that the fuel is qualified for use in
research and test reactors.
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