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Abstract

Qualification of the low-enriched uranium (LEU) monolithic U-10wt%Mo (U-10Mo) plate-type fuel
system requires a demonstration of a stable and predictable fuel swelling behavior over the anticipated
operating conditions of the United States high-performance research reactors (USHPRRs) selected for
conversion to LEU operation. This will allow each reactor to develop appropriate safety margins that will
retain fuel element lifetime coolability. Additionally, the fuel system must maintain performance
attributes when fabricated at a commercial scale. The Mini-plate 1 experiment represents the first
irradiation test of commercially fabricated miniaturized monolithic LEU U-10Mo fuel plates. The
swelling behavior within this experiment was compared against that of historical fuel developmental tests
to reveal that the commercially fabricated fuel performed within the current recommended U-10Mo
swelling model’s predictions. Additionally, the fuel microstructural evolution was evaluated to link
initial conditions to subtle variations detected in the swelling response, providing validation and
confidence that the fuel system is robust.

1. Introduction

In memoriam of Dr. Dennis D. Keiser Jr.

Five United States high-performance research reactors (USHPRRs) and one associated critical facility
are targeted for conversion to Low Enriched Uranium (LEU) operation, where 2*U enrichment is <20%.
A new high U-density LEU plate-type fuel must be qualified to retain the current operational mission for
the USHPRRs. Through years of developmental experiments, an Al-alloy clad, monolithic U10wt%Mo
(U-10Mo) fuel with Zr diffusion barrier was selected as the first new LEU fuel to be qualified to begin
converting these USHPRRs [1, 2]. To be qualified, the new fuel system must be demonstrated to
maintain mechanical integrity, geometric stability, and operate stably and predictably over the operational
envelope of the converting reactors. Additionally, the fuel system must be economically fabricable at
scale, and the Mini-Plate 1 (MP-1) experiment represents the first irradiation campaign in this
qualification program to irradiate commercially fabricated miniaturized (mini) plates [3, 4].

A more extensive analysis of the design of the MP-1 experiment was published separately by S.M.
Kilby et al. [4], so only a brief overview will be provided here. MP-1 consisted of 74 Al-alloy 6061 clad
mini-plates (nominally 101.47 x 25.4 x 1.24 mm) containing a monolithic U-10Mo foil fuel core with a
hot-roll bonded Zr diffusion barrier, nominally 25.4 pm thick on each side. Two fuel thicknesses were
included, with thicker fuel foils designed for irradiation at low power (LP) density and thinner fuel foils



designed for irradiation at medium power (MP) density. To provide a baseline reference to the historical
fabrication, 12 of the mini-plates (8 LP and 4 MP) were fabricated at the Idaho National Laboratory
(INL), referred to as “B-plates”, while the balance of mini-plates was fabricated by a commercial vendor,
referred to as “C-plates”. While there are several subtle differences between the baseline and commercial
fabrications, most of which involve proprietary processes, the main thermal treatment distinction in the
latter was the inclusion of a homogenization anneal of the as-received fuel feedstock coupons [3], which
was absent in the baseline mini-plate fabrication. Unirradiated characterization of archived mini-plates
demonstrated this anneal homogenized the Mo-content of the fuel foils in the MP-1 C-plates [5]. A
summary of the MP-1 plate types is included in Table 1.

Table 1 — Summary of MP-1 plate-types and irradiation conditions [4, 6, 7, 8, 9]

LP Thick Fuel MP Thin Fuel
Nominal Fuel Foil Thickness 0.6350 mm 0.2159 mm

C-plates (with homogenization) 34 28
B-plates (without homogenization) 8 4
Total Plates 42 32

ATR Irradiation Position B-position South Flux Trap

Average Peak Power Density 5-10 kW/cm? 20-35 kW/cm?

End of Life Fission Density 0.63-3.15x10?! fissions/cm? 2.52-6.11x10%! fissions/cm?

A thorough understanding of the fuel swelling phenomena in the U-10Mo fuel system is vital to
demonstrating the fuel design is geometrically stable and predictable under the operating conditions
proposed for qualification [1, 2]. Recently, Robinson et al. published an extensive analysis developing an
empirical U-10Mo swelling model, based on the historic irradiation experiments. This model is currently
recommended by the USHPRR program Fuel Qualification (FQ) pillar as a conservative estimate of
swelling as a function of fission density [1, 10]. As the MP-1 experiment is the first U-10Mo irradiation
test following this effort, of particular interest is defining the swelling behavior of each mini-plate in the
experiment and comparing it against this model. This is both a test of the efficacy of the model at
predicting a new irradiated U-10Mo fuel dataset and an evaluation of the MP-1 swelling behavior in
context of the historical performance.

2. Materials and Methods
2.1 Irradiation conditions

A substantially more detailed discussion of the MP-1 experiment irradiation conditions, as well as the
experimental validation of the as-run neutronics modelling, is being published separately by M.A.
Marshall et al., so this work will only provide a summary overview of each for brevity. The MP-1
experiment was irradiated in the Advanced Test Reactor in a combination of “B” positions for the LP
thick fuel plates and the south flux trap for MP thin fuel plates. The irradiation portion of the MP-1
experiment was concluded early after the cladding bond-line separation of two LP B-plates; however, the
root cause analysis of the bond-line separation is not the subject of this study [11, 12]. The final
irradiation condition bounds for MP-1 are listed in Table 1 [6, 7, 8, 9].

2.2 Overview of Post-Irradiation Examinations

Following irradiation at the ATR, a suite of non-destructive and destructive examinations (NDE &
DE, respectively) were conducted on the MP-1 test trains at the Materials and Fuels Complex (MFC) Hot
Fuel Examination Facility (HFEF). A summary of each of the individual post-irradiation examinations
(PIE) performed will be provided in the forthcoming M.A. Marshall et al. publication; however, the

2



techniques pertinent to the analysis presented in this work will be overviewed, specifically PIE plate
profilometry and destructive sectioning. The PIE plate thickness of each MP-1 mini-plate was measured
on a | x 2 mm measurement grid, using the BONA4INL Measurement Bench, which has a thickness and
location resolution of £3 um and £20 um, respectively [13]. After each plate thickness profilometry
measurement, the oxide thickness was measured via eddy current contact probes over the same
measurement grid. Following NDE, plates of each fabrication were strategically selected from different
test trains for microstructural characterization. Transverse cross-sections from near the fuel foil
midplane, see Figure 1 for an example, were prepared for optical microscopy (OM), which was conducted
at 50-500x objective magnifications. Additional adjacent cross-sections were prepared from select plates
for scanning electron microscopy (SEM) characterization at the Irradiated Materials Characterization
Laboratory (IMCL).

2.2.1 Calculating fuel swelling

As has been discussed in depth previously, constraint in the axial length and transverse width in plate-
type fuel geometries result in the change in plate thickness being directly correlated to the volumetric
swelling of the fuel foil [1, 10, 13], using equation (1)

where #,o4.p1aie 15 the post-irradiation plate thickness, #,e.pi 1S the pre-irradiation plate thickness, #,c.pi 1S
the pre-irradiation fuel-foil thickness after roll-bonding the Zr diffusion barriers, #,, is the post-irradiation
oxide thickness, and 7z is the as-fabricated Zr diffusion barrier thickness per foil side. The constraint that
allows for this direct relation between volumetric change and plate thickness is known to result in some
fuel relocation at the fuel zone edges [10, 14], and thus artificially high swelling calculations using the
above relation. However, it has been demonstrated that statistical methods may be employed in the
analysis to mitigate this, discussed in the following section [10, 13].

During fabrication, the thickness was measured on a coordinate grid across the Zr roll-bonded U-Mo
fuel foil and across the final fuel plates. As was detailed in a similar mini-plate study [13], the coordinate
grids for each of these pre-irradiation thickness measurements were placed into the same reference frame
as the BONA4INL measurement bench, and pre-irradiation plate and foil thickness values were
interpolated via Delaunay triangulation for each PIE profilometry measurement. For PIE profilometry
measurement locations outside the pre-irradiation measurement grid, values were extrapolated from the
outer measurements in a “hull,” with extrapolation bounded by the maximum allowable fuel zone in the
fabrication specification. While there is local variation in the Zr diffusion barrier thickness as a result of
the fabrication process [3, 5], it is on the order of the BONA4INL measurement bench resolution, so the
average Zr thickness for each foil was assumed to be constant over its respective roll-bonded foil,
consistent with historical methods [10]. As in previous U-Mo plate fuel experiments irradiated in the
ATR [10, 13], oxide growth was limited, as measured via eddy current and validated via OM and SEM,
and on the order of the thickness resolution limit of the BONA4INL measurement bench. Therefore, the
oxide correction term was neglected, allowing for the simplified equation (2) to be used to calculate the
fuel swelling [13].

A fuel swelling fraction value should only be calculated from within the fuel zone; however, the fuel
zones are known to not be 100% nominal. Therefore, a consistent swelling calculation data filter was
implemented in addition to the geometric filter of the maximum specified fuel zone listed above, such that
the fuel swelling fraction was only calculated in instances where plate thickness increased. As the
minimum fission density in the MP-1 test train exceeds doses where irradiation-induced contraction may
be observed, this filter effectively restricts fuel swelling calculations to fueled regions of the plates. It
should also be noted that while the two B-plates with bond-line separations were included in this analysis,
the thickness measurements from the areas surrounding the bond-line separation were excluded from the
swelling calculations.



2.2.2 Coupling neutronics and PIE

To compare local fuel swelling fraction behavior to local calculated irradiation conditions, the end-of-
life (EOL) fission density nodes from as-run neutronics calculations were placed into the PIE
measurement reference frame at the nominal fuel zone location, consistent with the as-run simulations [6,
7,8, 9]. The local EOL fission densities were then associated with each PIE measurement coordinate,
using the same methods detailed in a prior mini-plate swelling analysis [13]. It should be noted that
during the first cycle of medium power irradiations, it is known that the mini-plate test train was able to
axially rotate in the south flux trap, and the neutronics modeling could only partially simulate this
orientation shift. Since the general trend of low fission density swelling in monolithic U-10Mo is well
understood [10], the orientation of the as-run nodes was placed consistent with the PIE observed thickness
changes for these plates.

The individual MP-1 local swelling fraction and local fission density data pairs were consolidated into
datasets by fabricator and fuel-foil geometry. The data pairs in the consolidated variable datasets were
then shuffled and resorted by local fission density to remove any individual fuel plate or fuel foil
geometric or constraint biases before being binned by every nearest 100 data points, as defined by local
fission density. Quadratic fits, constrained through the origin, were then performed on both these binned
datasets as well as their unbinned, raw data counterparts to allow for statistical comparisons using the
95% confidence bands and prediction bands from the fits. Extensive analysis of these empirical fitting and
binning methods were conducted previously in the development of the currently recommended U-10Mo
swelling model [10]. These methods have been employed previously in statistical comparison of swelling
behavior between mini-plate fabrications [13], and as the methods reproduce those employed in the
current U-10Mo swelling model development, direct comparison between the model and these results is
possible.

In order to associate the DE-PIE microstructural observations with the fission density, the sectioning
for each OM and SEM cross-section was placed into the same PIE measurement reference frame, with an
assumed saw loss of 0.5 mm for each cut. The cross-section geometries were then coupled with the
partially and fully overlapped as-run neutronics nodes in the same reference frame to determine the
calculated minimum, maximum, and average EOL fission densities for each OM and SEM sample. A
schematic illustrating this is included in Figure 1.

—3.5x10% §
- 3.4x102 @
40 50 60 [ 3.3x102 8

Transverse Position (mm)
MP-1 MP

3.1x10% 5
48 mm 3x102 E
2.9x10% 8
2.8x10% ¢
2.7%10% ‘a

l Axial Position (mm) 3.2x10% @2

Fissio

Metallography

s MP

Nominal U-Mo Fuel Zone

Figure 1 — Schematic illustrating coupling of mini-plate sectioning with end-of-life fission density nodes,
calculated in the as-run neutronics analysis.



3. Results

3.1 Non-destructive Examination: Profilometry and Swelling

The raw local MP-1 swelling vs. fission density data are plotted in Figure 2(a) against the U-10Mo
swelling model currently recommended by the USHPRR-FQ pillar, with its 95% confidence band and the
upper and lower 95% prediction bounds for raw data, see Robinson et al. for model equations [10]. It is
readily observable that the majority of data points for both the C and B-plates fall within the 95%
prediction band, with constrained plate regions being the only outliers. Further, the swelling behavior for
the non-delaminated regions of the two bond-line separated B-plates appears to be consistent with the
swelling of other B-plates. Initial observations of the scatter suggest that the B-plate data may be
consistently higher in swelling at a given fission density, relative to the C-plates.

Quadratic fits of the C and B consolidated datasets are plotted in Figure 2(b) with their 95%
confidence and prediction bands, again with the U-10Mo swelling model and its confidence band. The
binned consolidated datasets are also included to demonstrate the behavior with reduced visual scatter. It
may be clearly observed that there is no overlap between the confidence bands of the C and B-plate fits
for any of the fission densities tested. At low fission density the confidence band for the U-10Mo
swelling model overlaps with the C-plate data, but diverges visibly at moderate fission densities, while
retaining a consistent trend. This will be discussed further below.
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Figure 2 — Raw (a) and binned (b) MP-1 swelling and fission density data pairs, plotted against the
currently recommended U-10Mo fuel swelling model [10] and its 95% confidence and prediction bands.
Included in (b) are quadratic fits of the full C and B-plate consolidated datasets

3.2 Destructive Examination

3.2.1 Optical Microscopy

Optical metallography images of transverse cross-sections from MP-1 B and C-plates irradiated to
multiple fission densities are shown in Figure 3 and Figure 4, respectively. In each case, the minimum
and maximum fission densities for the transverse cross-sections imaged are reported with the
microstructures as a range. It should be noted that the discoloration observed in the lowest fission density
C-plate near the upper interface between the fuel foil and Zr diffusion barrier is an artifact of sample
preparation and should be disregarded. A different microstructural evolution may be readily observed
between the two figures. Examining the C-plates in Figure 3, minor micron-scale fission gas bubbles are
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resolvable at the grain boundaries at lower fission densities (2-3 x 10?! fissions/cm?). Above 3 x 10?!
fissions/cm? grain refinement is observed with grain subdivision occurring, growing the high burn-up,
fission gas porous structure in the grain boundaries. The highest fission density C-plate exhibits a
majority of this high burn-up structure (HBS) [2, 15] with islands of remaining grains. By contrast, the
similar fission density B-plate in Figure 4 shows a fully recrystallized HBS with extensive fission gas
porosity. At lower fission densities, a non-uniformity in polished surface oxidation of the B-plate fuel
foil is observed, which appears to be present in the fully recrystallized structure as well; though, the
contrast is more difficult to observe in the porous HBS. At the lower fission densities this contrast
heterogeneity appears to coincide with clusters of micron-scale fission gas porosity, but the higher
magnification SEM analysis in the following section is needed to resolve this.

C - Plates

5.27-5.57

Fission Density (x 102! fissions/cm?)
2.72-3.13

0.86-1.0

Figure 3 — Low and high magnification optical metallography from MP-1 C-plates irradiated to increasing
fission densities, detailed as the upper and lower bounds for the transverse cross-section



It should be acknowledged that secondary phases (~10 pm) similar to carbides are observed at all
fission densities. In this work, these are most easily observed in the high magnification, high fission
density C-plate in Figure 3. These secondary phase impurities have been observed previously in both as-
fabricated and irradiated conditions [2, 5, 16, 17]. While fission gas porosity has been observed at their
interfaces with the fuel, the bubble morphology does not appear significantly different from the porosity
of the HBS [17]. A separate study investigating the impact of carbide impurity interface evolution is
ongoing.

B - Plates

5.31-5.5%

Fission Density (x 10% fissions/cm?3)
2.67-3.12

0.76 -0.96

250 pm 50 um

Figure 4 — Low and high magnification optical metallography from MP-1 B-plates irradiated to increasing
fission densities, detailed as the upper and lower bounds for the transverse cross-section



3.2.2 SEM

Back-scatter electron (BSE) imaging of cross-sections as well as high resolution BSE imaging of
large-area lift-outs (LALOs) for MP-1 C and B-plates of increasing fission densities are shown in Figure
5 and Figure 6, respectively. Examining Figure 5, it is possible to readily resolve the micron-scale fission
gas porosity accumulating at the boundaries of equiaxed grains at low fission density. As in the OM
imaging in the previous section, with increasing fission density this accumulation continues and at
moderate fission densities (>3 x 10?! fissions/cm?) grain refinement is observed. At the highest fission
density, the majority of the grains are refined to the fission gas porous HBS, with some islands of the
original grains remaining.

Cross-section BSE LALO BSE

5.32-5.58

Original Grain Islands

4.53-4.91

2.78-3.15

Fission Density (x 10%! fissions/cm3)

1.95-2.40

1.14-1.59

Figure 5 — Backscatter SEM imaging of cross-sections and LALOs from MP-1 C-plates irradiated to
increasing fission densities, detailed as the upper and lower bounds for the cross-section
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In Figure 6, the BSE Z-contrast readily reveals regions of varied average Z, with brighter BSE
intensity regions previously identified in this material as having low-Mo [17, 18]. In the low fission
density sample, these regions appear to have smaller grain clusters present with fission gas porosity
precipitated on the higher density of grain boundaries. The highest fission density sample again shows
the low-Mo chemical banding; although, the grain structure is fully refined to the HBS of larger fission
gas porosity [15]. It should be noted that in both highest fission density the C and B-plates in Figure 5
and Figure 6, respectively, very limited bubble interconnection is observed.

Cross-section BSE LALO BSE

Fission Density (x 102! fissions/cm3)
5.32-5.65

0.89-1.24

Figure 6 — Backscatter SEM imaging of cross-sections and LALOs from MP-1 B-plates irradiated to
increasing fission densities, detailed as the upper and lower bounds for the cross-section

4. Discussion

4.1 Differences in swelling response

Examining Figure 2(a), the MP-1 fuel swelling appears consistent with the predictions of the
monolithic U-10Mo swelling model currently recommended by the USHPRR-FQ pillar [1, 10]. It should
be noted that the comparisons that may be made using prediction and confidence bands are distinct.
Prediction bands are an indication of probability of where the next datapoint may appear [19]. With this
in mind, the consistency of the ~47,000 MP-1 data points within the 95% prediction band of the currently
recommended U-10Mo swelling model is consequential for both this experiment and the model. There
are two observations that can be drawn from these results; first, the MP-1 swelling behavior appears to be
consistent with the historical U-10Mo irradiation experiments, despite being the first mini-plates
fabricated commercially at scale. Second, the model proposed by Robinson et al., developed using
~18,000 swelling data pairs, was able to conservatively predict the behavior of the significantly larger
MP-1 dataset.

On the other hand, confidence bands indicate the degree of confidence in the empirical fit of the data,
and wherever the confidence bands of two models overlap, a statistical difference between those models
cannot be distinguished [19]. This is the case for the C-plate model and the currently recommended
U-10Mo model in the low fission density range Figure 2(b) inset. By contrast, a lack of overlap between
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two model 95% confidence bands, such as between the B-plates and both the historical and C-plate
models in the Figure 2(b) inset, indicates a detectable and statistically relevant difference between the
models [19]. Therefore, the non-overlapping confidence bands between the B and C-plates at all tested
fission densities confirms the initial observation in Figure 2(a); there is increased swelling observed in the
B-plates relative to the C-plates at these regimes. It should be acknowledged that while this difference is
statically quantifiable, it is admittedly small. Though the models are parallel, and neither overlaps within
the fission density regimes tested, each binned data point falls within the 95% prediction band of the other
consolidated dataset model. This suggests consistent and stable swelling behavior in both fuel plate
fabrications, despite some mechanism offsetting the trends.

It is noteworthy that there is divergence between the C-plate model and the currently recommended
U-10Mo model at moderate fission densities, with a detectibly lower swelling behavior observed in the
MP-1 C-plates at higher fission densities. Further, the recommended U-10Mo model overlaps the B-plate
model at the highest fission density tested in the MP-1 experiment. Several factors could explain the
source of this behavior; however, an exploration of the mechanisms behind the systematic B and C-plate
offset will aid in this discussion.

4.2 Microstructural evolution in B and C-plates

The general microstructural evolution in the MP-1 experiment appears consistent with the well-
established U-Mo fuel system behavior [1, 10, 20]. Examining the C-plates in Figure 3 and Figure 5, at
low fission densities (<3 x 10?! fissions/cm?), fission gas bubbles are only observed in OM and SEM to
precipitate at grain boundaries, which is expected. At low fission density, the original grain boundaries
serve as sinks and precipitation sites for micron-scale fission gas bubbles while the fission gas inventory
interior to the grains is retained in a FCC gas super lattice [20, 21, 22, 23]. At intermediate fission
density, the grains begin to refine, starting from their original grain boundaries and forming an HBS [15].
In U-Mo, this is linked to the collapse of the fission gas super lattice and coalescence of additional
micron-scale fission gas porosity in the newly formed sub-grain boundaries [10, 23]. At the highest
fission density experienced in the MP-1 C-plates in Figure 3 and Figure 5, this high burn-up phase is
observed as the primary phase with only small islands of the largest initial grains remaining.

By contrast in Figure 4 and Figure 6, only a fully refined HBS is observed in the B-plates at a similar
fission density (~5.43 x 10?! fissions/cm?). The fission gas porosity in this phase also appears to be
formed into larger bubbles than in the C-plates, similar to the highest burn-up progression reported
previously [10]. A separate localized study confirmed that, on average, larger diameter pores were
observed in the HBS phase in the B-plates but also noted the total area fraction difference in the porosity
is subtle [17]. It appears that the microstructural refinement in the B-plates is at a later stage than in C-
plates at this higher fission density regime, with less of the fission gas inventory retained in the super
lattice in unrefined grain interiors. This seems a plausible explanation for the difference in swelling
behavior at similar fission densities observed in this study. However, it is important to emphasize that
despite this, neither the B nor C-plates demonstrate significant fission gas porosity interconnection that
might suggest an imminent unstable breakaway swelling regime [10]. Rather the bubbles, though
apparently larger in the B-phase, appear discrete and stable, consistent with the stable swelling regime
observed in both models in Figure 2b.

Unfortunately, there were no B-plates in the MP-1 experiment within the moderate refinement fission
density regime, so changes observed at lower fission densities must be interpolated to the known refined
HBS. In both lower fission density plates examined in Figure 4, there is extensive heterogenous
oxidation of the fuel foil, suggesting some phase variation that appears to have some fission gas porosity
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present; though, the resolution limits direct observation. That said, BSE SEM at the lowest fission
density regimes reveal BSE intensity banding in these phases, consistent with Mo inhomogeneity
chemical banding observed previously in both unirradiated and irradiated material [5, 17, 18]. In the
unirradiated fuel, these regions of low Mo were observed to decompose from the y-U-Mo phase to less
stable a-U-Mo phase [5], which is consistent with U-Mo that was not fully homogenized during the
alloying process [24]. At low and high fission densities, the chemical banding remains, and for the low
burn-up B-plate, regions of brighter BSE intensity (lower Mo content) exhibit micron-scale grains.
Previous analysis of highly localized regions of this plate suggested irradiation assisted refinement of the
a-U-Mo phase to the y-U-Mo phase as a mechanism for this reduced grain formation [18]. It should be
emphasized that these micron-scale grains were not present in the initial microstructure, and the
homogenized C-plates did not have a substantially larger initial average grain size [5]. However, the
increased initial a-U-Mo phase decomposition regions combined with the irradiation assisted y-U-Mo
phase reformation appears to result in bands of micron-scale grains in the B-plates at lower fission
densities than those needed for the grain refinement process discussed previously [10, 23]. These micron-
scale grain regions naturally result in an increased grain boundary density, each of which may be
decorated with micron-scale fission gas bubbles. This confirms the potential fission gas porosity
observed in the lower resolution OM imaging at low-to-moderate fission densities. It should be reiterated
that no chemical banding is observed in the C-plates over the fission density regime examined in MP-1,
consistent with an initially homogenized microstructure [5] and localized irradiated analyses [17, 18].

4.3 Influence of microstructural homogeneity on swelling

It seems likely that the homogenization anneal employed during the fabrication of the C-plates
resulted in the observed uniform Mo distribution and the expected U-10Mo microstructural evolution
with fission density. Further, it appears that B-plates lacking this homogenization anneal step led to the
increased micron-scale fission gas porosity at lower fission densities (<3 x 10?! fissions/cm?), through an
increase in grain boundaries to serve as sinks for disordered fission gas inventory coalescence. The
additional fission gas porosity seems a plausible explanation for the increased swelling observed at lower
fission densities in Figure 2b, preceding any grain refinement that typically allows for this porosity
formation. This essentially offsets the fission gas swelling regime to lower fission densities [10], and a
highlight of this comparison is shown in Figure 7. Additionally, a seeded micron-grain microstructure
would likely lead to a fully refined HBS in advance of homogenized C-plates, as is readily observed in
the high burn-up comparison in Figure 7. Therefore, the homogenization anneal appears to result in a
measurable, albeit small, reduction in fuel swelling in the MP-1 experiment at all fission densities tested.

Now that a plausible explanation is proposed for the observed offset behavior in the MP-1 B and C-
plates, the differences between their models and those of the currently recommended U-10Mo swelling
model may be explored. Again, it should be emphasized that the prediction band of the current model
does predict both the B and C-plate behavior. However, the current model’s confidence band diverges
from overlapping the C-plate behavior at moderate fission densities before overlapping the B-plate model
at the highest fission density examined in the MP-1 experiment. One possible explanation for this
deviation may simply be due to data density at fission density regimes exceeding 5 x 10?! fissions/cm?.
The currently recommended swelling model was developed with over 18,000 data pairs; however, an
order of magnitude more data pairs are available in the MP-1 dataset at this higher fission density regime
(~8,500 vs. 850 data pairs) [10]. It is possible that the higher MP-1 C-plate data density at this regime
may be revealing a more accurate, reduced swelling behavior for this regime; however, given the
proposed explanation for the systematic variation between C and B-plates, another explanation seems
more plausible.
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The currently recommended swelling model was developed as an empirical quadratic fit of binned
fuel swelling and fission density data pairs. Extensive analysis was conducted to down-select this
statistical fitting method, documented in Robinson et al. [10]. Included in the model dataset are ~18,000
data pairs from different fabricated experiments, which show sufficient agreement to warrant their
inclusion in the model. However, the results above indicate that with sufficient data density, it is possible
to detect subtle changes in behavior due to a fabrication variable, such as the homogenization anneal, a
relatively late addition to the U-10Mo fabrication process [3]. Only two of the historical experiments
included in the model dataset received a separate homogenization anneal, the AFIP-6MKII and AFIP-7
full size plate experiments. Each experiment encompassed different fission density regimes, with AFIP-7
at low to moderate conditions (~1.5 — 3 x 10?! fissions/cm?), and AFIP-6MKII reaching a higher burn-up
at a higher power density (~4 — 5.5 x 10?! fissions/cm?). Examining the AFIP-7 as-fabricated and
irradiated microstructure, it appears homogeneous with a similar fission gas porosity as observed at
comparable burn-up MP-1 C-plates [1, 10]. Additionally, though the AFIP-3BZ plate (~2.5 — 4.5 x 10*!
fissions/cm?) did not receive an explicit homogenization anneal, its microstructure appears homogenous,
and its evolution appears consistent with comparable burn-up MP-1 C-plates [1]. When the swelling
behavior observed in AFIP-7 and AFIP-3BZ plates [10] are compared with those presented here, they
appear in-line with the MP-1 C-plates. In-fact, the fission density regime where the confidence band of
the U-10Mo swelling model overlaps and closely parallels the MP-1 C-plates corresponds to where the
model is contributed to by the >6,700 data-pairs from AFIP-7 and AFIP-3BZ in those regimes.

Conversely, despite the AFIP-6MKII experiment receiving a homogenization anneal, unirradiated fuel
analysis of archive material revealed a heterogenous microstructure [25, 26, 27], similar to that observed
in the MP-1 B-plates [5, 17, 18, 28]. Irradiated fuel cross-sections from conditions intermediate to those
examined in the B-plates in this work also appear to illustrate a microstructural evolution between the
stages available from B-plates, see example in Figure 7. It should be noted that the AFIP-6MKII
experiment is the primary contributor to the current U-10Mo swelling model for this regime (1950
swelling vs. fission density data pairs). Given this weighting and the microstructural behavior, this seems
a plausible explanation for the divergence of the current U-10Mo swelling model from C-plate behavior
to converge with the confidence band of the B-plate model in this regime. Further, if a quadratic model
of the historical swelling data that excludes the AFIP-6MKII is examined in Figure 7, its confidence band
has better agreement with those of the C-plate model for the fission densities examined. It should be
acknowledged that there are likely other contributing factors beyond the heterogeneous microstructure
that may explain the AFIP-6MKII weighting of the model toward the heterogeneous MP-1 B-plate
behavior, such as power density, fuel centerline temperature variation, and pre-irradiation impurity
precipitates. However, the microstructure heterogeneity may partially explain the lack of full agreement
between the AFIP-6MKII swelling profilometry and its local fission density peaking [28, 29] and would
also explain why a weighting from this experiment would lead to an intersection that crosses the B-plate
model rather than a parallel overlap of trends.
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Figure 7 — Quadratic fits of MP-1 C and B-plate swelling vs. fission density data pairs plotted against the
currently recommended U-10Mo empirical swelling models based on the historical data including and
excluding the AFIP-6MKII experiment. Also included are OM and SEM images from the MP-1 C and B-
plates as well as AFIP-6MKII for reference with colored bars indicating the approximate fission density
regime encompassed by the cross-sections.

It is the recommendation of the authors that the full, currently recommended U-10Mo swelling model
[10], based on the historic datasets, be maintained as a conservative estimate of swelling until a final
swelling model may be developed from the forthcoming U-10Mo qualification experiments. While the
MP-1 C-plate fabrication is closely representative of the down-selected fuel heat treatment design, the
current historical model fully predicted both the B-plate and C-plate data scatter. This suggests the upper
prediction bound is sufficiently conservative, such that fuel swelling response to varied initial fabrication
conditions are equally predicted. A final U-10Mo swelling model will be developed from the substantial
data anticipated from the qualification experiments, and at that time the MP-1 and historic datasets will be
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evaluated for their appropriate statistical inclusion or exclusion.

5. Conclusions

Fuel swelling and microstructural evolution were compared within the MP-1 experiment. Good
overall agreement was observed between the MP-1 swelling behavior and those of historical U-10Mo
experiments. The currently recommended swelling model predicted the upper bounds of scatter in both
MP-1 B and C-plates, despite a statistical offset in these two fabrications being detected. Optical
metallography and SEM suggest that the high swelling offset of the B-plate behavior is due primarily to
regions of micron-scale recrystallized grains providing increased sites for early precipitation of micron-
scale fission gas porosity. Conversely, the initially homogeneous C-plate microstructure evolves as
expected with grains refining and the HBS forming in an increasing phase fraction at the grain boundaries
with increasing fission density. Comparing with the microstructures that most heavily contribute to the
currently recommended U-10Mo swelling model validates this behavior. The homogenous initial
microstructure in the AFIP-7 dominated regime is consistent with where the model overlaps the C-plate
behavior, whereas the AFIP-6MKII regime diverges, likely due partially to its initial heterogeneous
microstructure. It is important to emphasize that in both the MP-1 B and C-plates there was not evidence
found of an imminent breakaway swelling regime. The offsets in behavior measured in this study are
subtle, and it is only through the density of data in the MP-1 experiment that it was possible to detect that
the swelling behavior appears to be statistically offset by a homogeneous initial microstructure. That
said, the effect is mechanistically consistent and when compared with historical behavior demonstrates
that the swelling phenomena within the U-10Mo system is stable and predictable. A final model will be
developed from the forthcoming U-10Mo qualification experiments, and until that time the swelling
model developed by Robinson et al. that includes all the historic datasets is still recommended as a
conservative estimate of the swelling behavior. Additionally, future work to utilize image analysis to
better understand the fission gas porosity evolution is anticipated.
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